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ABSTRACT 
Electrically conductive polymer composites consisting of conductive fillers 
dispersed in polymer systems continue to attract increasing research.  Multiphase 
polymer blends provide unique morphologies to reduce the percolation concentration 
and increase conductivity of carbon-based polymer composites.  The goal of this 
research is to further the current understanding of electrically conductive ternary 
polymer blends.  The overall purpose is to leverage this work to design composite 
materials that achieve increased conductivity at reduced conductive filler loadings that 
can be extended to applications requiring conductivity and a balance of additional 
properties.   
The first part of this research investigated the kinetic and thermodynamic 
effects on a series of multiphase conductive polymer composites.  The electrical 
conductivity and phase morphology of a carbon black (CB) filled polypropylene 
(PP)/poly(methyl methacrylate) (PMMA)/ethylene acrylic acid copolymer (EAA) 
ternary polymer blend was determined as a function of compounding sequence and 
annealing time.  The phase morphology and conductivity at short annealing times were 
influenced by the compounding sequence; however, they were thermodynamically 
driven at longer annealing times.  The resistivity was found to decrease by a 
statistically significant amount to similar levels for all of the composite systems with 
increasing annealing time.  The increase in conductivity at longer annealing times was 
determined to be the result of changes in the phase morphology from sea-island, 
dispersed microstructure to a tri-continuous morphology.   
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The second part of this research studied the influence of CB and multiwall 
carbon nanotube (CNT) conductive fillers with different colloidal properties on the 
phase morphology, electrical properties, and rheological behavior in the 
PP/PMMA/EAA ternary polymer blend.  A PP/PMMA/(EAA-CNT) system was 
compared to two different PP/PMMA/(EAA-CB) systems.  The critical electrical 
percolation threshold for the ternary conductive polymer composites was found to be 
more than 8 times lower than for the single phase systems. The rheological threshold 
coincided with the electrical resistivity percolation threshold inversion point.  It was 
proposed that beyond a critical loading of conductive filler particles in the minor EAA 
phase, especially for fillers with effective aspect ratios that are high such as the CB2 
and CNT, the kinetics of phase separation and resulting formation of a tri-continuous 
morphology are dictated by the viscosity of the minor phase relative to the two major 
phases.  
The last part of this research used the Cahn-Hilliard theory to model and 
predict the phase morphology and electrical conductivity as a function of the 
constituents' characteristics of the ternary system.  A method for generating 
statistically representative microstructures of a co-continuous ternary polymer system 
and a numerical method for calculating the resultant electrical conductivity of these 
ternary polymer systems are presented. Excellent agreement between numerically 
calculated and experimentally measured results was observed.  The combination of 
experimental and numerical results presented suggests the optimization of the 
conductive minor phase includes having a conductivity beyond the critical percolation 
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threshold, is at least three orders of magnitude greater than either of the two non-
conductive phases, and has a lower viscosity than the other two major phases in order 
to maximize the phase separation kinetics.    
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INTRODUCTION 
Electrically conductive polymer composites (CPCs) consisting of conductive 
filler such as carbon black (CB), carbon nanotubes (CNT), or graphene dispersed in a 
polymer system continue to attract increasing academic and industrial research. 
Conductive polymer composites are used in a wide range of industrial applications 
such as antistatic and electrostatic dissipation materials, positive temperature 
coefficient materials, electromagnetic interference shielding [1], and semiconducting 
layers in power cables to provide a uniform voltage stress over the conductor and 
close bonding between the conductor and insulation to prevent partial discharge [2]. 
 In general, single polymer systems require a substantial concentration of 
conductive filler to achieve significant electrical conductivity on the order of 10-9 to 
10-3 S/cm, which increases the melt viscosity and decreases the mechanical properties 
of the material [3].  One approach to increase composite conductivity at reduced filler 
concentrations and improve mechanical and rheological properties is to use multiphase 
polymer blends [4-7] that can reduce the percolation threshold.  For the case of a two-
component polymer blend, this has often been referred to as double percolation.  
Double percolation is governed by the percolation of the CB-rich phase and the 
continuity of this phase in the polymer blend.  Several studies found the percolation 
threshold has been reduced using multiphase polymer systems where the conductive 
filler was incorporated into immiscible polymer blends [8-10]. 
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1.1 Fundamental considerations 
 The performance and conductivity of an electrically conductive polymer 
composite (CPC) system is determined not only by the properties of the polymers but 
also by the morphology formed [11, 12].  The key theories and mechanisms related to 
percolation and polymer blend morphology are provided to support the discussion on 
the recent advancements in CPCs. 
1.2 Percolation Theory 
Polymers that are normally insulating can be made electrically conductive by 
adding a conductive filler above a critical concentration to establish a continuous path 
in the polymer matrix [13].  The curve of conductivity versus filler concentration is S-
shaped (Figure 1.1), which demonstrates a relatively narrow filler loading range over 
which a small increase in loading results in a drastic increase in conductivity.  This 
implies some sudden changes in the dispersed state of conductive particles.  The 
balance between filler-filler and filler-polymer interactions is critical for the 
coagulation of particles to form networks that facilitate the electrical conduction 
through the composites.   The critical concentration is called the percolation threshold, 
which is the point where the polymer composite makes a transition from insulating to 
conducting system.  Several models have been proposed to describe the sharp change 
in the conductivity at critical conductive filler levels.   
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Figure 1.1: Schematic of Log conductivity versus CB concentration illustrating 
an S-shaped percolation curve. 
 Bueche [14] proposed a model to explain the S-shaped conductivity curves of 
binary mixtures on the basis analogous to the Flory concept of polymer gelation:  
𝜌
𝜌𝑚
=
𝜌𝑓
(1−𝑉)𝜌𝑓+𝑉𝜔𝜌𝑚
         (1.1) 
where ρ is the resistivity of the mixture, ρm the resistivity of the insulating material, ρf 
the resistivity of the conductive material, V the volume fraction of the conductive 
phase in the mixture, and ω the fraction of the conductive filler being incorporated in 
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an infinite cluster.  This theory can account for the sharp transition if the maximum 
number of contacts a particle can make with other particles is variable.   
 Yuan and Wu found that the resistivity of CB-filled polyethylene and 
polypropylene composites decreased with decreasing melt viscosity of the polymer 
matrix, which they attributed to ability of the low viscosity polymer to penetrate into 
and break up CB agglomerates [15].  The percolation theory suggests that in the 
neighborhood of the percolation threshold, the electrical conductivity of the composite 
follows a power-law equation [16, 17].  Aharoni [18] developed the concept of 
average number of contacts between filler particles for percolation.  Kirkpatrick 
formalized percolation theory to predict conductivity above the critical percolation 
threshold [19].  He showed that electrical conductivity follows the power-law 
relationship: 
𝜎 = 𝜎𝑜(𝑉 − 𝑉𝑐)
𝑡         (1.2) 
where σ is the conductivity of the composite, σo is the intrinsic conductivity of the 
filler, V is the volume fraction of the filler, Vc is the critical percolation threshold, and 
t is the power law exponent.  These relationships have been further studied both 
theoretically and experimentally. 
 Janzen [20] developed a percolation model based on the concept of average 
number of contacts between filler particles. He used 1.5 for the average contact 
number and with inclusion of pore volume derived an equation for CB systems:  
𝑉𝑐 =
1
1+4𝜌𝜐
           (1.3) 
  
8 
where Vc is the critical filler volume faction above which sudden onset of conduction 
occurs, ρ is the density of the filler and ν is related to the CB structure measured by a 
DBP absorption value in g/cm3.  His experimental results were found to agree well 
with the model. 
 Sumita et al. [21] derived a model based on several assumptions, the most 
important of which was that when the interfacial excess energy introduced by carbon 
particles into the polymer matrix reaches a "universal value," g*, the carbon particles 
begin to coagulate so as to avoid any further increase of the energy and form networks 
which facilitate electrical conduction.  Wessling et al. [22] proposed another model, 
which they called the “dynamic interfacial model for the percolation mechanism.”  
The model treats the rapid increase in conductivity above a critical filler volume as a 
phase transition, wherein the dispersed conductive particles suddenly form a 
flocculated phase. The critical concentration where this phase transition occurs is 
dependent on the interfacial energy between the conductive particle and the matrix 
polymer molecules as well as the temperature.  Several other theories of percolation 
and conduction mechanisms were also reviewed [23, 24].  There are many approaches 
to explain the percolation behavior of the conducting composites, but no model is able 
to explain all of the different experimental results, since many factors come into play 
in such systems. For example, physical and chemical interactions of conductive fillers 
with the polymer can influence many properties of a CPC, especially in polymer 
blends.    
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1.2.1 Morphology 
The percolation threshold depends on the phase morphology and distribution of 
conductive filler in the polymer blend.  The conductive filler tends to partition in one 
of two ways that benefits electrical conductivity at reduced loading, the first being 
where the conductive filler is distributed predominantly in one continuous phase and 
the other where the conductive filler is located preferentially at the interface between 
the two polymer phases.  The selective localization of the conductive filler at the 
interface provides the CPC with the lowest filler loading if the interfacial region is 
continuous.   
The factors that influence the distribution of conductive filler in the blends 
include the co-continuity of the polymer blend, affinity of conductive filler to different 
polymers, and the interfacial tension between components of the composite.  A 
summary of previously reviewed [25] as well as more recent polymer blend carbon-
based conductive composites and the corresponding filler distributions reported in the 
literature are presented in Table 1.1. 
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Table 1.1: Summary of conductive filler distribution in polymer blend systems. 
Polymer System Distribution Ref. 
PP EVA Distributed [6] 
PP EAA Distributed [26] 
HDPE EEA EEA [27] 
PP EOC EOC [28] 
HDPE EVA EVA [29] 
HDPE PP HDPE [10] 
HDPE PS HDPE [30] 
PP HDPE HDPE [31] 
iPP HDPE HDPE [32] 
HIPS SIS HIPS [5] 
PMMA PP Interface [10] 
HDPE PMMA Interface [10] 
PAN PA6 Interface [33] 
PP PMMA Interface [31] 
LDPE PP LDPE [34] 
LDPE EVA LDPE [35] 
LLDPE EMA LLDPE [36] 
LLDPE NBR NBR [37] 
PP Novolac Novolac [38] 
ABS PA6 PA6 [39] 
PA6 PS PA6 [31, 40] 
PAN PA6 PA6 [31] 
PVDF PA6 PA6 [41] 
ABS PA6 PA6 [42] 
PMMA PA6 PA6 [31] 
PP PA6 PA6 [31, 43, 44] 
ABS PC PC [45, 46] 
PVDF PC PC [47] 
PLA PCL PCL [48] 
PET HDPE PET [49] 
PLA PPC PPC [50] 
PP PS PS [51], [52] 
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1.2.1.1 Co-continuous Polymer Networks 
 The morphology of the polymer blend depends in part on the volume fraction 
of the two polymer components.  In general, a low volume fraction (minority) polymer 
blend component often forms a dispersed phase with a sea-island microstructure.  At a 
critical concentration, the microstructure inverts from a sea-island microstructure to 
co-continuous network as the volume fraction of the minor phase increases.  The 
requirement for electrical conductivity is the formation of a continuous conductive 
filler pathway and when the conductive filler partitions to one phase, that phase 
becomes conductive when the percolation threshold is exceeded.  Paul and Barlow 
[53] proposed that the critical condition for phase inversion from a sea-island 
microstructure to co-continuous structure is determined by the viscosity ratio:  
𝜙1
𝜙2
×
𝜂2
𝜂1
= X          (1.4) 
where  is the volume fraction and η is the melt viscosity of phase 1 or phase 2.  Phase 
continuity is predicted where: [54]  
X > 1, Phase 1 is Continuous 
X ≈ 1, Dual Phase Continuity or Phase Inversion 
X < 1, Phase 2 is Continuous 
 Therefore, an increase in the volume fraction or decrease in melt viscosity of 
the minor component would lead to matrix continuity to enable electrical conductivity.   
Several other empirical and semi-empirical models have been developed to predict 
phase inversion [55, 56]. Several experimental studies support this model showing 
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formation of a co-continuous structure and localization of carbon CB in the lower 
viscosity phase leading to the double-percolation effect [30, 36, 57].   
1.2.1.2 Interfacial Tension 
Interfacial tension and wetting coefficient between the components also 
influence the morphology and conductive filler distribution in the polymer blend.  
Sumita et al. suggested that the dispersion state of CB particles in a polymer blend can 
be predicted qualitatively from the value of the wetting coefficient, ωAB-CB.  By 
minimizing the interfacial free energy, Young’s equation was derived:  
𝜔𝐴𝐵 =
𝛾𝐶𝐵−𝐵−𝛾𝐶𝐵−𝐴
𝛾𝐴𝐵
          (1.5) 
where γA-B, γCB-A, and γCB-B are the interfacial tension between polymer A and polymer 
B, between CB and polymer A, and between CB and polymer B, respectively [58].  
The CB distribution is predicted as follows: 
ωAB > 1  CB particles distribute in polymer A 
-1 < ωAB < 1  CB particles distribute at the interface 
ωAB < -1  CB particles distribute in polymer B 
Wu’s harmonic mean average equation can be used to estimate the interfacial tension 
between two phases: 
𝛾𝐴𝐵 = 𝛾𝐴 + 𝛾𝐵 − 4 (
𝛾𝐴
𝑑𝛾𝐵
𝑑
𝛾𝐴
𝑑+𝛾𝐵
𝑑 +
𝛾𝐴
𝑝
𝛾𝐵
𝑝
𝛾𝐴
𝑝
+𝛾𝐵
𝑝)       (1.6) 
where γA and γB are the surface tension and γAB is the interfacial tension between 
polymers A and B, γAd and γBd are the dispersive components of surface tensions γA -
and γB, and γAp and γBp are the polar components [59].  Based on the interfacial 
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tension, three spreading coefficients, , can be defined for ternary polymer blends 
[60]:  
𝜆𝑖𝑘𝑗 = 𝛾𝑖𝑗 − (𝛾𝑖𝑘 + 𝛾𝑗𝑘)        (1.7) 
 Although thermodynamic considerations are important aspects of key models, 
kinetic factors cannot be ignored in real systems and often have a large impact in 
determining arrangement of conductive fillers in the polymer matrix.  Important 
kinetic factors include melt viscosity ratio of the polymers to be blended (as described 
in the previous section), mixing time, affinity and/or reaction of the polymer with the 
filler surface, and sequence of incorporation.  Shear mixing breaks down CB 
agglomerates into smaller aggregates at the early stage of dispersion followed by a 
gradual erosion of the small aggregates to even smaller fragments during the latter 
times of the mixing process.   As a result, shear mixing over time leads smaller CB 
aggregates, increased dispersion within the matrix, and greater amount of CB 
selectively located in one phase. These factors can enhance the probability of forming 
conductive networks.  However, long mixing times can in some cases lead to CB 
aggregate structure breakdown that is followed by a decrease in electrical conductivity 
[35].  Therefore, it is important to have a flat portion on the composite percolation 
curve to provide a wider processing window during manufacturing [61].  
Interfacial forces within conductive polymer composites can significantly impact 
resulting morphology and structure, and therefore the electrical conductivity.  These 
forces include weak physical bonds (van der Waals and hydrogen bonds) between 
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polymer and filler, stronger chemical bonds resulting from reaction between polymer 
and filler surface, and mechanical chain entanglements [62].   
1.2.2 Effect on Rheology 
In addition to conductivity, incorporation of rigid conductive fillers into 
polymeric materials has an effect on their other properties.  It is generally known that 
the addition of CB to a polymer matrix to achieve electrical conductivity causes an 
increase in storage modulus (G’) and complex viscosity (η*) with increasing CB 
content [34, 63].  The results from Figure 1.2 show the effect of CB content on the 
complex viscosity suggesting that the CB affects the polymer relaxation dynamics at 
length scales longer than the entanglement distance [34].  The G’ has been found to 
increase sharply suggesting that the composites reached a rheological percolation at 
which the conductive filler impedes the motion of polymer chains.  A power law 
relation can be used here to determine the threshold of the rheological percolation:  
𝐺′ ∝ (𝑚 − 𝑚𝑐)
𝑡        (1.8) 
where G’ is the storage modulus, m is the CB mass fraction, mc is the threshold of the 
rheological percolation, and t is the critical exponent [64].  Composites containing CB 
have been found to exhibit a very strong shear thinning effect compared to polymer 
blends.   
  
15 
 
Figure 1.2: Complex viscosity of the polymer blend (80/20 wt% of PP/LDPE) 
with various CB loadings at 190 °C [34].  
 Multiphase polymer blends are an effective way to improve the dynamic 
rheological behavior as well as the thermal stability of its electrical conductivity [33].  
For example, Chen [26] studied the dynamic rheological behavior of an ethylene 
acrylic acid (EAA)/PP/CB blend and observed that with increasing CB content, there 
was an apparent rheological percolation for CB/PP composites, where G’ is equal to or 
higher than G” and a non-Newtonian behavior of η* appears.  They used a modified 
Kerner–Nielson equation to describe the correlation between electrical percolation and 
dynamic viscoelastic percolation. The addition of EAA into the CB/PP composites 
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leads to apparent changes in dynamic rheological behaviors.  At 2.5 vol % CB, a 
rheological percolation appears in CB/PP/EAA composites with increasing EAA 
content. It was suggested that the viscoelastic percolation corresponds to a 
semiconductor–conductor change in electrical behavior or the formation of network 
structure for both CB/PP and CPE composites.   
 The effect of carbon black structure on resistivity under low-strain was studied 
by Fathi et al. [65] The percolation threshold and optimum CB concentration were 
found to be lower for higher CB structures.  The CB concentration for maximum 
strain-sensitivity of the electrical conductivity was higher for low structure carbon 
blacks but essentially independent of the CB structure for medium- to high-structure 
carbon blacks.   
1.2.3 Effect on Mechanical Properties 
The incorporation of CB into a polymer blend has a reinforcing effect, which 
increases tensile strength but often decreases elongation at break of the composites.  
Polymer blends allow for a balance of tensile strength and elongation at break that 
may not be otherwise achieved in single phase CB-filled polymer composites.  
Interfacial interaction between filler and polymer is an important factor affecting the 
mechanical properties of the composites. Tensile yield strength of the composites has 
been modeled for the cases of adhesion and no adhesion between the filler particles 
and polymer.   
Nielson [66] suggested the following equation for strain at break in the case of 
perfect adhesion between polymer and filler particles,  
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𝜖𝐵(filled) = 𝜖𝐵(unfilled) (1 − 𝑉𝑓
1
3⁄ )     (1.9) 
and, the following equation for the tensile strength in the case of no adhesion between 
polymer and filler 
𝜎𝐵(filled) = 𝜎𝐵(𝑢𝑛filled) (1 − 𝑉𝑓
2
3⁄ )
𝑆
      (1.10) 
where εB, σB, Vf,  and S are the strain at break, stress at break, volume fraction of filler, 
and stress concentration function, respectively.  Furthermore, in the case of no 
adhesion, the interfacial layer could not transfer stress and the tensile strengths of the 
composites could be predicted using the Nicolais–Narkis model [67]: 
𝜎𝑐 = 𝜎𝑚 (1 − 1.21𝑉𝑓
2
3⁄ )        (1.11) 
where Vf, σc and σm are volume fraction of filler and tensile yield strengths of the 
composite and matrix, respectively.  Several other models were summarized elsewhere 
and compared to experimental results [68]. 
Wang et al. [50] found that the experimental tensile strength for a poly(lactic 
acid) (PLA)/poly(propylene carbonate) (PPC)/CB  composite system was much higher 
than that calculated by the Nicolais-Narkis model.  This was attributed to some degree 
of adhesion between the PLA/PPC and CB particles.  For NBR/LLDPE blends, the 
percolation threshold was found to be less than that for NBR itself, which was 
attributed to the uneven distribution of the filler in the incompatible blend matrix. The 
mechanical properties, including stress and strain at yield and break, reportedly 
increased by increasing CB content up to a concentration of 40 phr, after which a 
sharp decrease was observed [37].  The decrease was attributed to mechanical rupture 
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of NBR chains when subjected to high temperature for a long time, resulting in 
plasticization of LLDPE [69]. 
1.3 Carbon Black Composites 
CB is an amorphous form of carbon with a structure similar to disordered 
graphite.  Crystallites form primary particles, which further fuse into primary 
aggregates.  Van der Waals forces cause these aggregates to join in more loosely 
assembled agglomerates. There are five types of CBs manufactured in the CB 
industry: furnace black, thermal black, lampblack, channel black, and acetylene black.  
The rather new approaches to multiphase polymer morphology, stability of the 
resistivity-temperature behavior, and triple percolation using CB in CPC are discussed 
in this section.   
1.3.1 Effect of Multiphase Polymer Morphology 
CB-filled CPC are typically prepared using melt mixing [70, 71] or solution 
processing [72].  Wu et al. [39] investigated CB filled acrylonitrile-butadiene-styrene 
(ABS)/polyamide 6 (PA6) immiscible blends.  The CB particles were found 
preferentially localized in the PA6 phase and with an increase in CB loading, the 
critical volume fraction of PA6 that is essential for building the co-continuous 
structure decreases.  The CB self-assembly plays a key role in extending phase co-
continuity over a much larger composition range and acts to stabilize the co-
continuous polymer domains during the melt processing.  The morphological phase 
transition from dispersed to co-continuous is shown in Figure 1.3.  Figure 1.4 shows 
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the continuity fraction of the PA6 phase increases with increasing CB loading 
demonstrating that the dispersed PA6 domains fuse together to form a completely 
continuous phase as a result of selective localization of CB in the PA6 domains.  
 
Figure 1.3:  SEM micrographs of the ABS/PA6 blends (60/40) prepared (a) 
without CB; PA6 was extracted by formic acid; (b) 7.5 phr CB, ABS was 
extracted by THF [39]. 
 
Figure 1.4: PA6 continuity fraction on the CB loading with ABS/PA6 at different 
proportions [39]. 
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 Most of the reported research about immiscible polymer blends was based on 
composites in which the filler-rich phase was the continuous phase.  Xu et al. [31] 
studied the electrical properties of composites where fillers are selectively distributed 
in the dispersed phase for a host of different polymer blend systems including 
poly(methyl methacrylate) (PMMA)/polypropylene(PP)/CB, PS/PP/CB, 
PMMA/PA6/CB, PS/PA6/CB, and PP/PA6/CB composites.  They found that the CB 
particles located preferentially at the interface between PMMA and PP in 
PMMA/PP/CB composites and in the PA6 phase in PS/PA6/CB, PP/PA6/CB, 
PMMA/PA6/CB, and PA6/PAN/CB composites.  They also found that the CB 
preferentially located in the HDPE phase of PP/HDPE/CB composites, which was 
consistent with the results of Yui et al. [73].  Additionally, the authors showed that in 
the PS/PA6/CB composites, the electrical conductivity was higher when the PA6/CB 
phase was the dispersed phase (versus PP/PA6/CB and PMMA/PA6/CB) because the 
distance between PA6/CB particles was smallest among the three composites.   
1.3.2 Affinity of Filler to Polymer Phases 
The affinity of conductive fillers for one polymer phase over another is 
influenced by the polarity and other specific interactions between the polymer and 
filler.  There have been many studies in a number of different systems that show the 
affinity of CB to one phase over another [28, 38, 74].  Yang et al. [74] employed a 
two-step processing method in which the EPDM and CB were mixed first, and then 
melt blended with the PP.  The CB accumulated in the EPDM phase forming a filler-
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network structure, which decreased the percolation threshold with a maximum 
conductivity at 3 wt% CB. 
 The formation of polymer microfibrils has been shown to be a technique to 
selectively distribute CB on the surface to improve electrical conductivity.  Dai et al. 
[49, 75-77] proposed the use of shear and elongational flow fields to achieve the 
alignment of conductive CB coated polymer microfibrils and fabricate unique 
anisotropic poly(ethylene terepthalate) (PET)/HDPE/CB composites. The majority of 
the CB particles were found to be localized in the surface region of the in situ formed, 
aligned PET microfibrils leading to low percolation threshold and high conductivity 
since the CB could be considered at the interface of the PET microfibrils adjacent to 
the PE surface.  The CB particles preferentially localized on the surfaces of the PET 
microfibrils since the PET has a high surface tension and polarity while the PE is a 
nonpolar polymer.   
 The percolation threshold was found to be dependent on the fiber orientation 
and in the parallel direction occurs at a CB loading as low as about 3.65 vol% 
compared to approximately 4.25 vol% in the perpendicular direction shown in Figure 
1.5.  Farimani et al. [78] found the percolation threshold of the (CB/PET)/PP 
microfibrillar CPC to be about 4.5 phr with the CB localized on the surface of the 
microfibril compared with about 8 phr for the CB/PET/PP composite.  This has been 
explained by numerous conductive pathways formed via fine contacts of aligned 
conductive microfibrils.  On-line measurement of the electrical resistivity indicated 
that the critical time for conductive network formation decreased with the increase of 
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the annealing temperature and with increasing filler loading [77].  Li and co-workers 
[79] expanded on this by incorporating insulating CaCO3 nanoparticles that move to 
the PET surface and substitute for the conductive CB, obstructing electron paths.  
They suggest that the resistivity of the microfibril CPC can be tailored to display a 
sluggish post-percolation region suggesting an enhanced manufacturing 
reproducibility and widened processing window for sensor materials.  Chen et al. [80] 
studied the morphological developments of CB filled PP/PA6 polymer blends and 
found that CB particles were selectively dispersed in PA6 phases as microfiber 
particles, greatly improving the electrical conductivity.  When the weight ratio of PP 
to PA6 was 90/10, PA6 particles appeared as spheres but with an increase in the PA6 
content, PA6 particles appeared as microfibers. 
 
Figure 1.5: The electrical conductivity as a function of the CB content for the 
CPC samples in the parallel and perpendicular directions [76]. The insert shows 
a log–log plot of the conductivity as a function of φ − φc for the CPC. 
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Gao and co-workers [32] studied isotactic polypropylene (iPP)/HDPE/CB 
functional gradient materials (FGM).  The concept of FGM is that the composition, 
structure, and properties may change continuously from one side of the sample to the 
other.   The gradient materials were prepared via melt compounding and injection 
molding.  The CB particles were selectively located in the HDPE phase and the final 
composites had a gradient structure such that the HDPE/CB phase exhibited different 
morphologies in the skin layer and core layer of the composites. These morphologies 
were strongly influence by processing conditions. The percolation threshold of 
iPP/HDPE/CB composites could be decreased effectively by the increasing of the 
screw speeds during the extruding process. 
1.3.3 Resistivity-Temperature Behavior 
Positive temperature coefficient (PTC) and negative temperature coefficient 
(NTC) effects are interesting phenomena that occur near and above the melting point 
of the polymer matrix in semi-crystalline blends with CB above the percolation 
threshold.  PTC leads to a sharp increase in resistivity as the blend passes through its 
melting point, and is due to rapid decrease in density upon melting, which causes an 
increase in the spacing between carbon black particles [27, 29, 81]. The NTC can lead 
to a gradual decrease in resistivity as the blend is further heated above its melting 
point, and is due to complex effects of temperature on conductivity of the materials in 
the composite [82].        
   Some composites showing a PTC effect exhibit hysteresis with respect to 
electrical conductivity due to aggregation of the conducting particles, which results 
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from repeated melting and recrystallization in heating–cooling cycles, thus limiting the 
practical applications [83].  Tan et al. [52] investigated the influence of compounding 
sequence on the phase morphology of CB/PP/PS composites and the distribution of 
CB aggregates.  Simultaneous measurements of resistance and dynamic modulus were 
performed to monitor the phase coalescence of the composites and CB migration and 
agglomeration in the PS phase during annealing at temperatures above the melting 
point of PP.  The variation of resistivity was attributed to CB agglomeration in the PS 
phase and the interfacial region, while the variation of dynamic modulus was 
attributed to a combination of the phase coalescence and CB agglomeration in the PS 
phase. The polymer blend composites with the majority of CB particles distributed in 
the interfacial region show the lowest conductive percolation threshold and the most 
stable resistivity–temperature performance during heating–cooling cycles. 
1.3.4 Triple Percolation 
 Virgilio et al. [84] suggested existence of four different morphologies of a 
ternary polymer blend comprised of two major phases and one minor phase depending 
on the values of the three spreading coefficients shown in Figure 5.  Shen et al. [85] 
studied thermodynamically induced self-assembled electrically conductive networks. 
CB was added into a ternary blend system comprised of poly(methyl methacrylate) 
(PMMA), ethylene–acrylic acid copolymer (EAA) and polypropylene (PP). Scanning 
electron microscopy images show that the PMMA/EAA/PP ternary blend forms a tri-
continuous “sandwich-like” phase structure, in which PMMA and PP form a co-
continuous phase while EAA spreads at the interface of the PMMA and PP phases as a 
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sheath. The micrographs and resistivity–temperature dependencies indicate that CB 
fillers are selectively located in the interphase of the PMMA and PP phases (in the 
EAA phase). The percolation threshold of PMMA/EAA-CB/PP composites is 0.2 
vol%, which is only one-fifth of that of PP/CB composites. 
 
Figure 1.6: Possible morphologies in a ternary system composed of two major 
phases B and C and one minor phase A as predicted by spreading coefficients 
[84]. 
 The percolation threshold in some CPC may be lowered by the addition of 
triblock copolymers which show a high affinity for CB.  Al-Saleh and Sundararaj [51, 
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86, 87] adopted this methodology in a comprehensive study to reduce the percolation 
threshold of immiscible CB-PP/PS blends by introduction of a styrene–butadiene–
styrene triblock copolymer.  The CB was found preferentially localized in the PS 
phase of CB/PP/PS blends whereas the CB had the highest affinity to the 
polybutadiene (PBD) block when the SBS copolymer was introduced and selectively 
localized at the interface between the PP and PS phases resulting in a lower 
percolation threshold.  SEM micrographs in Figure 1.7 show the influence of SBS 
copolymer addition on the morphology of the 1 vol% CB filled (70/30) PP/PS blend.  
The micrographs show a two-phase morphology. Composites loaded with 5 and 10 
vol% SBS are seen to have a smaller and more elongated dispersed PS phase 
compared to the composite without SBS, which shows larger, spherical PS particles. 
A 40% reduction in the percolation threshold in the (70/30) PP/PS blend upon 
addition of 5 vol% SBS was attributed to selective localization of CB in the PBD 
phase and the change of blend morphology (Figure 1.8).  Moreover, for composites 
with or without SBS, at a certain CB loading above the percolation threshold, the 
mixture exhibited a co-continuous morphology in contrast to the dispersed 
morphology of the (70/30) PP/PS blend without CB or at low CB loadings.  Lu et al. 
[40, 88] reported selective localization of CB at the interface of polymer blends by 
compatibilization with poly(styrene-co-maleic anhydride) (SMA) that was first reacted 
with the CB, and then blended with PA6/PS.  In the PA6/PS blends, CB was localized 
in PA6 phase and typical double percolation was exhibited whereas in the 
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PA6/PS/(SMA–CB) blends, TEM results showed that CB particles were induced by 
SMA to localize at the interface, resulting in a very low percolation threshold. 
 
Figure 1.7: SEM micrographs of 1 vol% CB-filled (70/30) PP/PS composites 
containing (a) 0 vol% SBS, (b) 4 vol% SBS, (c) 5 vol% SBS and (d) 10 vol% SBS. 
[51]. 
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Figure 1.8: Effect of SBS loading on the volume resistivity of 1 vol% CB-filled 
(70/30) PP/PS composite. Error bars indicate the standard deviation [51]. 
1.4 Carbon Nanotube Based Composites 
 Carbon nanotubes (CNT) were first reported in 1991 by Iijima [89].  The first 
polymer nanocomposites using CNT as a filler were reported in 1994 by Ajayan et al. 
[90].  As with carbon black and graphene, CNT have a unique combination of 
mechanical, electrical, and thermal properties that make CNT excellent candidates to 
substitute or complement the conventional fillers in the fabrication of multifunctional 
polymer composites [91-94]. CNT are often described as rolled-up graphene sheet into 
a cylinder along a direction defined by a chiral vector [95].  The CNT are classified 
into two types: single-walled carbon nanotubes (SWNT) and multi-walled carbon 
nanotubes (MWNT).   SWNT are seamless cylinders each made of a single graphene 
sheet with diameters ranging from 0.4 to 2–3 nm, and length usually on the order of a 
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micrometer [96, 97].  MWNT consist of two or more seamless graphene cylinders 
concentrically arranged around a central hollow core with interlayer separations 
having outer diameters of 4–30 nm, a length of up to 1 m, and the innermost tubes of 
the tubules having diameters as small as 2.2 nm [98].   
 There have been many reviews on the properties and benefits of CNT and 
CNT/polymer composites, with the observations being generally consistent with those 
discussed in the previous sections.  CNT have been found to be attractive for 
increasing the electrical conductivity of insulating polymers at relatively low CNT 
contents.  The reason behind CNT emerging as potential filler is its high effective 
aspect ratio (L/D) as compared to the conventional fillers like carbon black [99].  Chen 
et al. [100] studied 5 wt% MWNT composites in ultrahigh molecular weight 
polyethylene (UHMWPE), ethylene-methyl methacrylate copolymer (EMMA), and in 
blends of these two polymers. Compared to the MWNT/UHMWPE composites, 
MWNT/EMMA and MWNT/EMMA/UHMWPE composites showed much higher 
conductivity.  Krause et al. [101] found the percolation threshold as low as 1.0 wt.% 
for a polyamide 6,6 (PA 6,6)/MWNT composite.  
1.4.1 Preparation  
 CNT composites are produced by three typical methods including solvent 
blending, melt processing [102], and in situ polymerization.  Other proposed methods 
include solid-state mechanochemical pulverization [103, 104], sequential layering of 
chemically modified nanotubes and polyelectrolytes [105], and nanotube composite 
ribbons and fibers spun by coagulation spinning [106].  The fillers at the nanoscale are 
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inclined to aggregate, being harmful to electrical properties of CPC.  The controlled 
dispersion of CNTs in a solution or a composite matrix remains a challenge, due to the 
strong van der Waals binding energies associated with the CNT aggregates.  Estimates 
of inter-tube binding forces and shear forces suggest that only at sufficiently high 
shear energy density, one can achieve complete separation of CNTs.  Various 
approaches to slow down or to prevent CNT re-aggregation after shear-stress removal 
were discussed by Huang et al [107].  This includes a kinetic approach of using a 
highly viscous solution/melt (only for shear-mixed samples), or a thermodynamic 
approach of choosing a compatible solvent or surfactant.   
 It is of great importance to improve the nanofiller dispersion in CPC.  One 
effective approach is to prefabricate the CNT masterbatch and then to blend it with a 
second phase.  It has been reported that the bulk electrical conductivity in 
PA6/ABS/MWNT blends depends strongly on the mixing sequence during melt 
processing [108].  Using strong shear provided by multiple blending steps could 
effectively enhance CB dispersion in the polymer matrix.  Li and Shimizu [41] 
investigated a conductive PVDF/PA6/CNT composite with a unique hierarchical 
morphology fabricated by dual formation of co-continuous and nanodispersion 
structures using high-shear processing. The PVDF and PA6 were found to form a co-
continuous structure with the CNT exclusively located in the PA6 phase but with 
numerous PA6 domains ranging from 10 to 150 nm dispersed in the PVDF phase. The 
results indicated that the formation of PA6 nanodomains in PVDF by the high-shear 
processing increased the electrical conductivity and ductility of the resulting 
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nanocomposite blends.   Zonder et al. [109] explored various melt mixing sequences to 
incorporate the CNT into HDPE/PA12 blends to exploit the kinetic aspects responsible 
for determining the final microstructure.  At a composition of 75/25 PA12/HDPE, 
CNTs were driven to the interface when simultaneously mixed with the polymers and 
when premixed in the HDPE phase.  This produced a decrease in the electrical 
resistivity by four orders of magnitude as compared to when the CNTs were premixed 
with the PA12.  This result was attributed to structural differences induced by 
kinetically controlling particle location in the blend and the formation of percolating 
networks where the CNT-coated HDPE domains interconnect through the interphase 
and act as junctions to connect the low CNT content that was dispersed throughout the 
volume of the PA phase.   
 Functionalization and physical modification of CNT have been found to be a 
way to compatibilize and improve the dispersion in a polymer matrix and enhance 
processing.  Im et al. [110] fabricated conducting hexafluoropropane dianhydride 
(6FDA)-based polyimide composite films where the surfaces of MWNT were 
modified by grafting PMMA because PMMA is miscible with 6FDA-based 
polyimide. Amino-functionalized MWNT were covalently functionalized with 
PMMA, producing PMMA-g-MWNT via an amide linkage.  The PMMA-g-MWNT 
exhibited high dispersion ability in the 6FDA-based polyimide matrix due to strong 
interfacial interactions and demonstrated a lower percolation threshold attributed to 
enhanced interconnectivity.  Carboxyl-functionalized MWNT were found to act as 
compatibilizers that enhanced the interfacial adhesion between PA6 and liquid 
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crystalline polymer (LCP) blends that resulted in the significant improvement in their 
dispersion in the polymer matrix and largely enhanced the interactions of MWNT with 
the polymer matrix [111].  Roy et al. [112] also used MWNT functionalized with a 
carboxyl group to achieve better interfacial adhesions with both phases of the 
poly(ether ether ketone) (PEEK) and LCP.      
 Reactive blending has been evaluated to prepare co-continuous nanostructured 
nanocomposites with MWNT.  Périé et al. [113] found that mixing masterbatches of 
low molecular-weight amino-terminated polyamide-6 (PA6) containing 10-17 wt% of 
MWNT with maleic anhydride functionalized polyethylene (PE*) at temperatures 
above the melting point of PA6 it was possible to obtain fine and homogeneous 
dispersions of carbon nanotubes.  The co-continuous morphology of the 
nanocomposites was achieved by the formation in the melt of a high amount of PE*-g-
PA6 graft copolymers and their self-assembly with the unreacted homopolymers.  
Grafting reactions at the interface between the masterbatch particles and the PE* 
permitted dispersion of the CNT in the blend. 
 The preparation of CPCs via a latex-based route was studied by Hermant and 
co-workers [114].  The percolation threshold for PS-based composites prepared with 
SWNTs dispersed in water using a conventional surfactant like sodium dodecyl sulfate 
(SDS) was approximately 0.4 wt%.  In this study, SDS was substituted by a 
conductive polymer latex, poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 
also known as PEDOT:PSS.  The latex was found to effectively stabilize individual 
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SWNTs in water, and composites prepared with these dispersions showed a lower 
percolation threshold value of 0.2 wt%. 
1.4.2 Morphology and Electrical Properties  
 Baudouin et al. [115, 116] demonstrated the interfacial localization of 
unfunctionalized MWNTs in immiscible polymer blends of polyamide (PA), ethylene 
acrylate copolymer (EA) and MWNTs.    Stability of the polymer blend morphology 
was attributed to formation of a deformable barrier network at the interface, due to 
selective interfacial confinement of MWNTs, providing a mechanical barrier against 
coalescence of the droplets.   Adsorption of the first polymer encountered by the 
MWNT led to results not predicted by thermodynamic considerations alone. It was 
proposed, therefore, that blends stabilized by solid particles, like MWNTs, can offer 
an interesting alternative to blends compatibilized by block-copolymers. [117]. 
 Cayla et al. [118] studied two immiscible blend systems of PCL with PP and 
PA12 with CNTs.  The CNTs were first introduced in the PCL phase and then mixed 
with the PP or PA12.  Even with a similar mixing sequence, CNT localization was 
different between the two blends. CNT migration from PCL to PA12 was observed in 
the PA12/PCL blend, in comparison with the PP/PCL blend where the CNTs remained 
in the PCL phase.  The authors used various techniques, including interfacial energy 
calculations based on surface tension measurements, to explain the different behaviors 
of each blend.  A correlation between the observed morphology and the wetting 
coefficient calculated with experimental measurements of surface tensions allowed 
prediction of CNT localization.  Tao et al. [119] investigated the influence of 
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nanoparticle-polymer interactions on the migration behavior of MWNT in an 
immiscible polymer blend of ethylene-acrylate copolymer (EA) and polyamide 12 
(PA12). The polymer-MWNT interaction was tuned by using various surface 
modification strategies, comprising grafting and coating with PMMA and PS as 
surface modifiers. The nanocomposite materials were prepared by melt-blending 
polymer-modified-MWNT in EA and PA12.  Polymer-grafted-MWNT tended to 
concentrate at the PA12/EA interface, even if predispersed in PA12, as opposed to 
pristine MWNTs, which stayed inside the PA12 under the same circumstances. This 
behavior was found to be consistent with the morphology of PA/EA/(PMMA or PS) 
ternary blends and suggest a dominance of interfacial thermodynamics on CNT 
localization. If polymer coated-CNTs were used instead, the behavior was found to 
depend on molar mass of the coating polymer.   
 Bose et al. [42] studied the difference between PA6/ABS/MWNT composites 
made with -NH2 functionalized MWNT (f-MWNT) versus those made with purified 
MWNT (p-MWNT).  The MWNT were selectively located in the PA6 phase. It was 
proposed that the acid end groups of the PA6 were attracted to the -NH2 functional 
groups of f-MWNT during melt-mixing.  It was observed that the blends with p-
MWNT showed higher electrical conductivity as compared to blends with f-MWNT 
due to the formation of aggregated networks and higher L/D ratio.  In another study, 
Kulkarni et al. [120] exploited the sodium salt of 6-aminohexanoic acid (Na-AHA), 
which was able to assist in debundling the multiwall carbon nanotubes (MWNT) 
through cation-π interactions during melt-mixing leading to percolative network-like 
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structure of MWNT within the PA6 phase in co-continuous PA6/ABS blends.  The 
composite exhibited low electrical percolation thresholds of 0.25 wt% of MWNT.  
Certain phosphonium based modifiers were effectively employed to facilitate 
debundling and network-like structure formation in PA6/ABS/MWNT blends [121].  
Multi-component blends with MWNT pretreated with modifiers utilizing a 
masterbatch dilution approach showed significant improvements in the bulk electrical 
conductivity as compared to blends prepared by direct addition at 2 wt% MWNT 
content [122].  However, beyond a critical modifier concentration, re-aggregation of 
the MWNT was observed, which adversely affected the electrical conductivity. 
 Yuan et al. [123] formed a double percolated structure in a MWNT-
LDPE/PVDF composite system. The MWNT were exclusively distributed and 
percolated within the LDPE phase that formed continuous electrically conductive 
channels in the matrix, with both polymer phases being co-continuous. The uneven 
distribution of MWNTs was determined by the viscosity ratio, which was able to 
dominate over the previously-discussed thermodynamic effects to affect the final CNT 
location.  As compared to the LDPE/MWNT composites, the polymer blend 
composite displayed a significantly reduced percolation threshold from 9.6 vol% to 
5.7 vol%.  Pötschke et al. [124] introduced MWNT into thermoplastic matrices of PC 
and PA6, by melt blending using PE based concentrates with high MWNT loading 
(24-44 wt %).  The MWNT migrated from PE concentrates to the PC or PA6 phase 
and remained dispersed. The electrical percolation was achieved at significantly lower 
MWNT contents as compared to direct incorporation.  In PC, the electrical percolation 
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concentration was found as low as 0.25 wt% MWNT for the concentrate with 24 wt% 
MWNT, whereas for pure nanotube material having the same structural characteristic 
it occurred at 0.75 wt%.  For PA6, the decrease in electrical volume resistivity versus 
the MWNT content occurred more gradually compared to PC, which was attributed to 
its partially crystalline structure. 
 The influence of ABS copolymer on MWNT dispersion and localization within 
a specific component of a PC/ABS/MWNT composite was studied by Sun et al. [45] 
The authors found that the MWNT selectively localized in the PC phase when the 
ABS content was low due to their higher affinity for the PC compared to the ABS.  
The electrical percolation threshold of PC/ABS/MWNT, investigated by Besco and 
co-workers [46], was found to be between 0.5 wt% and 1 wt%.  The results confirmed 
that the MWNT were selectively localized in the PC phase and that the effective 
concentration of MWNT within the PC rich phase results in a reduction in electrical 
resistivity and a low percolation threshold.   
 Su et al. [47] observed that the percolation threshold for a PC/PVDF/MWNT 
system was much lower than those of MWNT-filled individual polymers and the 
MWNT were selectively located in the PC phase of the PC/PVDF composite.  The 
activation energy of conductive network formation for a PC/PVDF/MWNT composite 
was close to that of the PC/MWNT system, which further supported that the MWNT 
were dispersed mainly in the PC phase.  Aqeel et al. [125] prepared polymer blends 
based on poly(ethylene glycol), PAN, and MWNT by solvent casting. The blends had 
a percolation threshold around 0.625 wt% and the highest electrical conductivity of 
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1.2 x 10-2 S/cm at 3.45 wt % MWNT.  Lee et al. [126] studied a poly(styrene-co-
acrylonitrile) (SAN)/PMMA/MWNT composite and found the MWNT mainly located 
in the SAN phase due to interactions from π–π stacking of phenyl groups in SAN and 
MWNT.  The percolation threshold of electrical volume resistivity was observed to be 
around 1.5 wt %. With increase in PMMA content in the nanocomposites containing 
1.5 wt % MWCNT, electrical conductivity increased regardless of whether PMMA 
was continuous or dispersed. The polarity of the polymer was considered to be one of 
the factors contributing to this behavior.  Zhang et al. [43] prepared PA6/PP/MWNT 
composites designed with the MWNT preferentially localized in the PA6 matrix, 
whether the PA6 phase was continuous or dispersed.  The PA6/PP/MWNT (20/80/4 
wt%) composite with a dispersed PA6 phase showed a higher electrical conductivity 
than the double percolation PA6/PP/MWNT (50/50/4 wt%) composite. The results 
were explained by the increase of the MWNT content in PA6 phase and the formation 
of a new MWNT conductive network, in which parts of the MWNT penetrated the PP 
matrix.  Hooshmand et al. [44] confirmed localization of MWNT in the PA6 phase of 
spun fibers for a PP/PA6/MWNT composite.   
 Xu et al. [48] investigated the phase morphology and electrical conductivity of 
polycaprolactone (PCL)/PLA/acid-oxidized MWNT (A-MWNT) composites with 
PCL compositions ranging from 5 to 90 wt %.  The results show that the A-MWNT 
were selectively dispersed in the PCL phase and at 1.0 wt % in various PCL 
compositions, the maximum electrical conductivity was observed at the PCL 
composition of 40 wt%, which was explained by the formation of co-continuous phase 
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domain with the interconnected A-MWNT structure as depicted in Figure 1.9.  Gao 
and co-workers [127] modeled the resistivity behavior during annealing of 
HDPE/PP/MWNT blends with a combination of a kinetic equation for filler 
agglomeration and well known classical percolation theory.  The decrease in 
resistivity in the blends was assumed to be mainly driven by the relaxation of highly 
oriented polymer chains.   
 
Figure 1.9: Change in electrical conductivity, σ, with PCL composition for 
PLA/PCL/A-MWNT composites with A-MWNT content of 1.0 wt % and 
schematic indicating corresponding morphological changes for PLA/PCL/A-
MWNT composites, in which blue regions represent PLA phase, green regions 
represent PCL phase, and black lines represent A-MWNTs [48].   
Wu et al. [128] found that the ternary PCL/PLA/MWNT systems containing 
carboxylic funcationalized MWNT show the selective localization of MWNT both in 
the matrix PCL phase and on the phase interface, while the ternary systems containing 
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the MWCNTs without functionalization only show the selective localization in the 
matrix PCL phase.  Those interface-localized MWNT prevent coalescence of the 
discrete domains, enhance the phase interfacial adhesion, and result in a lower 
conductive percolation threshold than in binary composites. 
 Panda et al. [129] studied ternary polymer blends of PA6/PP/ABS, 
PP/PA6/ABS, and ABS/PP/PA6 (80/10/10 wt%) in the presence of MWNT   
Morphological analysis showed that a core–shell-type morphology formed in the 
ternary polymer blends of PA6/PP/ABS, wherein PP and ABS phases were found to 
form core and shell, respectively, in the PA6 matrix.  A similar kind of morphology 
has been found for PP/PA6/ABS ternary polymer blends in which PA6 phase was 
found to be encapsulated by the ABS phase.  However, a separately dispersed type of 
morphology has been found in the case of ABS/PP/PA6 ternary polymer blends in 
which both the phases (PP and PA6) were dispersed separately in the ABS matrix.  
The electrical percolation threshold for the PA6/PP/ABS was between 3 and 4 wt% 
MWNT and PP/PA6/ABS was between 2 and 3 wt% MWNT, whereas the 
ABS/PP/PA6 was insulating up to 5 wt% MWNT.  The MWNT were found to 
influence the electrical conductivity of the PA6/PP/ABS and PP/PA6/ABS ternary 
polymer blends by establishing a network-like structure either in the PA6 or in the PP 
phase, respectively.  In a separate report, PA6/PP/ABS/MWNT composites were 
studied in presence of a styrene-maleic anhydride copolymer and polypropylene-graft-
maleic anhydride compatibilizers [130].   
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1.5 Graphene Based Composites 
 There has been extensive research into the use of graphene as next generation 
conductive filler.  Graphene is considered a two-dimensional carbon nanofiller with a 
one-atom-thick planar sheet of sp2 bonded carbon atoms that are densely packed in a 
honeycomb crystal lattice [131].  It is now well established that graphene has unique 
properties, such as high thermal conductivity, superior mechanical properties and 
electrical conductivity [72, 132].  However, there has been relatively little published 
research on graphene in multiphase phase electrically conducting polymer composites. 
Multiphase CPCs consisting of expanded graphite have also been included in this 
discussion, since graphene can be prepared from extended processing of graphite 
[133]. 
 
Figure 1.10: The effective conductivity of composites reinforced by graphene 
nanosheets (long-dashed line), carbon nanotubes (short-dashed line), and 
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nanoparticles (dot-dashed line) as function of their volume fraction; the 
conductivity of the filler is assumed to be anisotropic [134]. 
 Theoretical work by Xie et al. [134] predicted that graphene is more effective 
for conductivity enhancement than CB and other competing nanofillers such as carbon 
nanotubes because of its large specific surface area shown in Figure 1.10.   Large 
amounts of experimental data exist that are consistent with this prediction.   The 
experimental results of Qi and co-workers [135] were consistent with the prediction of 
Xie for a PS/PLA/graphene composite, which exhibited a percolation threshold of 
∼0.075 vol %, which is a factor of 4.5 lower than the PS/graphene binary 
nanocomposites and explained by selective localization of graphene in the PS phase.  
Hou et al. [136] investigated polystyrene (PS)/poly(styrene-co-maleic 
anhydride)/expanded graphite (EG)(PS/PSMA/EG) nanocomposites prepared by melt 
blending.  The addition of expanded graphite, with its conductivity-enhancing high-
aspect-ratio sheets, significantly lowers the resistivity of the composites compared to 
the conventional graphite flakes at the same loading level. 
1.5.1 Preparation 
 As with CNT, graphene composites have been produced by solvent processing, 
melt processing, and in-situ polymerization.  In a review on graphene nanocomposites, 
Veredjo and co-workers [137] summarized the electrical percolation thresholds 
described in the literature for single polymer systems and assembled the information 
according to the production methods: solvent processing [138], in situ polymerization 
[139-144], and melt processing [145, 146].   
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 Melt processing is the most commercially attractive but has some drawbacks, 
which include the low bulk density of thermally exfoliated graphene that makes 
extruder feeding a troublesome task, and the lower degree of dispersion compared to 
solvent blending.  The three processes were compared in composites where the 
dispersed graphene was incorporated into thermoplastic polyurethane (TPU) via melt 
compounding, solvent mixing, and in-situ polymerization. It was found that the 
solvent-based processes (solvent processing and in-situ polymerization) were more 
effective for obtaining well-distributed sheets throughout the matrix than melt 
processing [147].  Zhang et al. [148] evaluated PET/expanded graphite (EG)/epoxy 
composites prepared via melt-blending. Graphite sheets were effectively dispersed in 
the PET with contribution from shear effects on the EG and the interaction between 
EG and PET as well as an epoxy resin. The strong interaction between the epoxy 
group and the functional groups on the EG surface resulted in the epoxy resin having a 
greater exfoliation effect on EG, which led to a much lower percolation threshold 
value than the PET/EG composites.   
 A key challenge for the production of such nanocomposites deals with the 
appropriate dispersion of graphene sheets within the polymer matrices.  Surface 
modification of graphene is frequently used to promote graphite exfoliation and 
imparting compatibility of the nanofiller with the polymer matrix.  Therefore, methods 
have been studied using graphite oxide (GO) as a starting material [149].  Graphene 
sheets could be exfoliated in a PMMA matrix by a reactive biphasic process that 
involves the in situ reduction of graphite oxide (GO) with the simultaneous grafting of 
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PMMA by a radical addition pathway as reported by Vuluga and co-workers [150].  
This grafting that occurs during GO reduction avoids the re-stacking of reduced 
graphite oxide (RGO) and leads to highly conductive nanocomposites under mild 
experimental conditions.   
 The latex dispersion concept that was applied for the incorporation of CNT 
into a polymer matrix has also been demonstrated for single phase polymer/graphene 
nanocomposites [151].  This latex dispersion technology could be applied to 
multiphase polymer blends with graphene.  Poly(styrene sulfonate)-covered graphene 
platelets were prepared via an oxidation/reduction method and dispersed in water, 
which stabilized the platelets and prevented their aggregation.  A downside to this 
method is that the electron transport at the graphene junctions in the final 
nanocomposites is reduced because of the bulkiness and non-conductive nature of 
poly(styrene sulfonate).   
1.5.2 Morphology and Electrical Properties  
Vleminckx et al. [152] systematically investigated the effects of thermally 
reduced graphene sheets (TRG) on the thermodynamics and kinetics of phase 
separation in a lower critical solution temperature (LCST) poly[(a-methyl styrene)-co-
(acrylonitrile)]/poly(methyl-methacrylate) blend.  The thermodynamics of phase 
separation were significantly influenced in presence of TRG.  With the exception of 
the 15/85 wt% PMSAN/PMMA blends, TRG was observed to act as a nucleating 
agent inducing phase separation.  The monophasic composite samples with 2 wt% 
TRG were virtually insulators at room temperature, whereas biphasic materials were 
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observed to be highly conducting in the melt. At an elevated temperature, the blends 
phase separated, which allowed the nanoparticles to migrate to the PMSAN phase. 
The migration of TRG during the phase separation led to an increase in local 
concentrations, which further assisted in formation of a percolative network-like 
structure in the PMSAN phase, shown by the time dependence DC conductivity in 
Figure 1.11.  Future work would include evaluation of graphene and other conductive 
fillers in conductive polymer blend composites.   
 
Figure 1.11: Evolution of DC electrical conductivity as a function of time at 220 
°C as the blends phase separate (Inset shows the room temperature conductivity, 
σAC versus frequency, of the monophasic composite materials) [152]. 
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Katbab et al. [153] compared PP/EPDM/EG composites with maleic anhydride-
grafted polypropylene (PP-g-MA)/EG masterbatch as an interfacial compatibilizer.  
The PP/EPDM/(PP-g-MA/EG) nanocomposite samples exhibited a percolation 
threshold at 6 phr of EG, whereas the composites prepared by the melt mixing of 
PP/EPDM/EG in the absence of compatibilizer showed little changes in conductivity 
up to the 10 wt% EG. Moreover, PP/EPDM/(PP-g-MA/EG) nanocomposite composed 
of 15 wt% EG exhibited conductivity eight orders of magnitude higher than the 
PP/EPDM/EG counterpart.  Shen et al. [154] determined that polyethylene 
(PE)/maleic anhydride grafted PE (g-PE)/expanded graphite (EG) electrically 
conductive nanocomposites prepared by solution intercalation, masterbatch melt 
mixing, and direct melt mixing reduced the percolation threshold by 60, 30, and 13% 
respectively compared to the PE/EG control. 
1.6 Research Objectives   
 The main goal of this research is to further the current understanding of 
electrically conductive ternary polymer blends.  The overall purpose is to leverage this 
work to design composite materials that achieve increased conductivity at reduced 
conductive filler loadings that can be extended to applications requiring conductivity 
and a balance of additional properties based on readily available raw materials.  
PP/PMMA/EAA multiphase polymer blends were chosen as a starting point based on 
the work by Shen et al. [85], which suggested that the PP and PMMA form a co-
continuous morphology with the EAA phase sandwiched at the interface resulting in 
the percolation threshold of the PMMA/EAA-CB/PP composites being one-fifth that 
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of the single-phase PP/CB composite.   Three primary objectives are presented in this 
dissertation. 
 The first objective of this research is to develop a structure-property 
relationship in electrically conductive ternary polymer blends.  The conductivity, filler 
distribution, phase morphology, and rheological properties in a CB-filled 
PP/PMMA/EAA conductive polymer blend will be established.  The effects of 
compounding sequence and thermal annealing time on conductivity are explored as 
well as how kinetic factors may be utilized to influence the conductivities in such 
systems. 
The second objective of this research is to study the influence of CB and 
multiwall CNT conductive fillers with different colloidal properties on the phase 
morphology, electrical properties, and rheological behavior in the PP/PMMA/EAA 
ternary polymer blend.  A PP/PMMA/(EAA-CNT) system will be compared to two 
different PP/PMMA/(EAA-CB) systems.  The electrical resistivity percolation 
behavior is investigated as a function of conductive filler content for the ternary 
polymer blends and single phase systems.  Rheology measurements may be used to 
probe percolation behavior and formation of an interconnected filler network.  The 
relationship between the phase morphology, electrical percolation threshold, and 
rheological behavior will be analyzed. 
The third objective of this research is to implement the use of the binary Cahn-
Hilliard theory to model and predict the phase morphology and electrical conductivity 
as a function of the constituents' characteristics of the ternary system.  It is of 
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particular interest to be able to model and predict the phase morphology and resulting 
electrical conductivity of the multiphase polymer blends to develop conductive 
polymer composites and advanced materials.  A method for generating statistically 
representative microstructures of a co-continuous ternary polymer system and a 
numerical method for calculating the resultant electrical conductivity of these ternary 
polymer systems will be developed.  The numerically calculated and experimentally 
measured results will be compared.   
Finally, the main conclusions of this dissertation are summarized.  In addition, 
recommendations for future studies are suggested to build upon the results achieved in 
this dissertation.   
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KINETIC AND THERMODYNAMIC CONTROL IN CONDUCTIVE 
PP/PMMA/EAA CARBON BLACK COMPOSITES 
2.1 Introduction 
In recent years, ternary polymer blends have presented a wide variety of micro-
structured morphologies with multiple interfaces between different phases. These 
morphologies are thermodynamic non-equilibrium structures in a meta-stable state 
produced during the mixing process of the polymer blends [155]. Thus, the 
morphologies and the resulting properties of polymer blends are generally unstable 
and change during post-treatment processes such as a decrease of interfacial areas and 
an increase of phase sizes resulting in the phase coarsening.  For ternary polymer 
blends, complete wetting and partial wetting are two categories of morphological 
states as described by the interfacial tensions and spreading coefficients.  
The present study aimed at understanding how kinetic and thermodynamic 
factors may be utilized to influence the conductivities in such systems.  
PP/PMMA/EAA multiphase polymer blends were chosen as a starting point based on 
the work by Shen et al. [85] that found the percolation threshold of the PMMA/EAA-
CB/PP composites to be one-fifth that of the single-phase PP/CB composite.  
However, with post-compounding annealing times of 30 minutes, it is of interest to 
explore and understand alternative strategies for preparation of these composites. This 
chapter demonstrates how different annealing times influence the polymer blend phase 
morphology and localization of filler to increase electrical conductivity.  Effects of 
compounding sequence and thermal annealing time on conductivity in CB-filled 
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PP/PMMA/EAA conductive polymer blend composites were explored. The CB was 
either pre-mixed into the EAA, PMMA, and PP phases prior to mixing the ternary 
composite as well as direct addition of the CB during the melt mixing process.  Such 
knowledge will be useful to expand understanding of factors affecting performance in 
these systems and is essential toward development of an efficient process for making 
them. 
2.2 Experimental 
2.2.1 Materials 
Three polymers were employed as matrix resins in the preparation of ternary 
polymer blends.  The polymers included polypropylene (PP) from Braskem, 
poly(methyl methacrylate) (PMMA) from LG Chemicals, and ethylene acrylic acid 
(EAA) copolymer with 9.7 wt% acrylic acid from Dow Chemical, which were used as 
received.  Properties of the polymers are summarized in Table 2.1.  The conductive 
filler was Ketjenblack EC-300J extra-conductive carbon black from Akzo Nobel, 
which was used as received.  This grade of CB has a high surface area of 800 m2/g and 
pore volume (or structure) of 327 ml/100g. 
Table 2.1: Properties of the polymers used in this study 
Material Product Supplier 
MFI 
(g/10min) 
Density, 
(g/cm3) 
Polypropylene FF018F Braskem 1.8a 0.905 
Poly(methyl methacrylate) IF 850B LG Chemical 12.1b 1.180 
Ethylene-acrylic acid copolymer Primacor 3004 Dow Chemical 8.5c 0.938 
a ASTM D1238 (230C, 2.16kg)     
b ASTM D1238 (230C, 3.8kg)     
c ASTM D1238 (190C, 2.16kg)     
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2.2.2 Formulations 
A series of CPC prepared with different CB masterbatches and compounding 
sequences was studied.  In Shen’s study, the CB was pre-mixed at 3.2 vol% in the 
EAA phase prior to preparing the composites so that the conductive filler would be 
preferentially distributed in the EAA phase at the PP/PMMA interface to the achieve 
conductivity at a low level.  
Table 2.2: Conductive polymer composite formulations used in this study 
Composite 
(vol %)  
PP/PMMA/ 
(EAA-CB) 
PP/(PMMA-
CB)/EAA 
(PP-CB)/ 
PMMA/EAA 
PP/PMMA/ 
EAA/CB 
PMMA 42.0 
 
42.0 42.0 
PP 42.0 42.0 
 
42.0 
EAA 
 
15.5 15.5 15.5 
PMMA-CB 
 
42.5 
  
PP-CB 
  
42.5 
 
EAA-CB 16.0 
   
CB 
   
0.5 
 
Table 2.3: Pre-mixed masterbatch formulations used in this study 
MB  
(vol %) 
EAA-
CB 
PP-
CB 
PMMA-
CB 
PMMA 
  
98.8 
PP 
 
98.8 
 
EAA 96.8 
  
CB 3.2 1.2 1.2 
 
In this work, the PP/PMMA/(EAA-CB) formulation was prepared as a starting 
point similar to compositions studied by Shen.  In the PP/(PMMA-CB)/EAA and (PP-
CB)/PMMA/EAA formulations the CB was pre-mixed into the PMMA and PP phases, 
respectively, while the PP/PMMA/EAA/CB formulation was prepared by direct 
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addition of CB during the melt mixing process, with CB and polymer levels selected 
to provide the same nominal formulations for all compositions evaluated (Table 2.2 
and Table 2.3).  These formulations enable assessment of kinetic and thermodynamic 
factors by comparing how the mode of CB addition and annealing time impact the 
composite conductivity. 
2.2.3 Melt Compounding 
All masterbatches and composites were prepared by melt mixing in a 
laboratory Brabender batch mixer equipped with cam blades.  The Prep-Mixer® is 
C.W. Brabender's largest mixer/measuring head that is a 3-piece design consisting of 
two heating zones with a capacity of 350 ml to 600 ml depending on mixer blade 
configuration.   The net chamber volume with the cam blades inserted is 375 ml and 
70% charge volume of 262.5 ml. The cam blades encompass wing tips and are 
designed to duplicate the mixing action of a commercial Banbury mixer with a 
medium shear-rate imposing a combination of milling, mixing, and shearing forces 
against the test sample, alternating compacting and releasing the material within the 
chamber.   
Two different procedures were employed for the preparation of the 
masterbatches and composites.  For the masterbatches, the CB and polymer were 
directly compounded at 35 rpm for 5 minutes at 130 °C for the EAA-CB and 190 °C 
for the PMMA and PP–CB samples.  For the multiphase composites, the CB or CB 
masterbatches were mixed with base resins (PP and/or EAA and/or PMMA) and 
compounded at 190 °C at 60 rpm for 5 minutes.   
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2.2.4 Thermal Annealing 
The polymer composites were compression molded using a Wabash electric 
press operated in the manual mode. The polymer composites were compression 
molded at 190 °C and 3.45 MPa for 3 minutes prior to testing.  After 3 minutes, the 
pressure was increased to 17 MPa followed by thermal annealing at 190 °C for 6 
minutes, 30 minutes, and 150 minutes.  Molded plaques of dimensions 8 inch by 8 
inch were prepared.  The thickness of the molded plaques was 0.075 inch and 0.050 
inch for volume resistivity and oscillatory shear tests, respectively. 
2.2.5 Morphology 
Samples were excised from plaques in 1 cm x 1 cm squares and trimmed down 
with a razor blade to have a block face roughly < 0.5 mm x 0.5 mm.  These rough 
block faces were then polished with a Diatome Cryo 45 Trim knife, stained in a .5% 
RuO4 solution for 16 hours and then rinsed with DI water.  For TEM, 70 – 100 nm 
thick sections were then cut from the stained block face using a Leica UC7 microtome 
at room temperature with a Diatome Sonic knife (Voltage: 2.1, Frequency: 33.4 Hz) 
and collected on Formvar coated TEM grids.  TEM images were obtained with a 
Hitachi 7000 at 125 keV.  SEM samples were prepared by removing roughly 1 micron 
from the block face using a Diatome Cryo 45 Trim knife.  The faces were then sputter 
coated with about 10 nm Au/Pd.  SEM images were obtained with a Hitachi 3400 in 
variable pressure mode using a backscatter detector.  Solvent etching of block faces 
was done by submerging samples in Tetrahydrofuran (THF) for 18 hours, rinsing the 
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samples off with THF two times, drying at room temperature and then sputter coating 
with Au/Pd.  Solvent etched samples were imaged with a secondary electron detector. 
2.2.6 Electrical Resistivity 
Volume resistivity (VR) measurements were conducted according to the 
ASTM D991-89 standards using a Keithley 2700 Integra Series digital multimeter 
with 2-point probe. The measurement range for this instrument is 10 Ω to 120 MΩ.  
This test method assumes that the surface conductivity is negligible compared with the 
conductivity through the specimen.  The electrical resistivity of the polymer 
composites was obtained from compression molded strip samples with dimensions of 
4 inch in length and 1 inch in width as depicted in Figure 2.1.  Silver paint (conductive 
silver #4817N) was applied to minimize contact resistance between the samples and 
electrodes.   
The samples were conditioned at various temperatures in Blue M air 
convection ovens.  An image of the instrument and oven are depicted in Figure 2.2.  
At least two samples were tested for each formulation.     The volume resistivity was 
calculated using the equation:  
VR = RA/L         (2.1) 
where VR is the volume resistivity in ohm-cm, R is the resistance between electrodes 
as measured by the ohm meter, A is the cross sectional area of sample between probes, 
and L is the length between electrodes. 
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Figure 2.1: Sample geometry for volume resistivity testing. 
 
 
Figure 2.2: Volume resistivity test setup and instruments. 
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2.2.7 Rheology 
Dynamic oscillatory shear rheology was conducted with an ARES oscillatory 
shear rheometer for analysis of viscoelastic behavior.  The instrument and test sample 
between the parallel plate setup are pictured in Figure 2.3.  The oscillatory shear 
measurements were conducted at 190 °C with the parallel plate geometry (plate 
diameter of 25 mm).  Frequency sweeps were carried out at 2% strain between a 
frequency of 0.1 and 100 rad/s. The strain was chosen within the linear viscoelastic 
region.    
 
Figure 2.3: ARES oscillatory shear rheometer with parallel plate geometry. 
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Figure 2.4: (a) Schematic representation of a typical rheometry setup, with the 
sample placed between two plates. (b) Schematic stress response to oscillatory 
strain deformation for an elastic solid, a viscous fluid and a viscoelastic material 
[156]. 
The oscillatory shear rheometer induces a sinusoidal shear deformation to the 
sample and measures the resultant stress response as a function of oscillation 
frequency of the shear deformation.  The sample was placed between two parallel 
plates, the top plate is stationary and the bottom plate rotates at a given frequency.  A 
motor rotates the bottom plate, thereby imposing a time dependent strain on the 
sample.  Simultaneously, the time dependent stress is quantified by measuring the 
torque that the sample imposes on the top plate.  This is illustrated in Figure 2.4 and 
expressed mathematically as follows: 
γ(t) = γ0 sin (𝜔𝑡)        (2.2) 
τ = τ0 sin (𝜔𝑡 + 𝛿)        (2.3) 
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where ω is the angular frequency, γ is the shear strain, γ0 is the shear strain amplitude, 
τ is the shear stress, and τ0 is the amplitude of the shear stress. The total stress response 
shows a phase shift, δ, with respect to the applied strain deformation that lies between 
that of solids and liquids, 0 < δ < π/2.  Such data are analyzed by decomposing the 
stress wave into two waves of the same frequency, one in phase with the strain wave 
(sin ωt) and one 90o out of phase with this wave (cos ωt) that reveal the extents of 
elastic (solid-like) and viscous (liquid-like) behavior.   
Thus, for a sinusoidal strain deformation, the stress response of a viscoelastic 
material is given by: 
)cos"sin'()( 0 tGtGt         (2.4) 
The storage modulus represents the elastic (in-phase) component of oscillatory flow 
and is defined as: 



cos'
0
0G          (2.5) 
The viscous (out-of-phase) component represents the shear loss modulus defined as:  



sin"
0
0G          (2.6) 
Both G’ and G” are components of the complex modulus, G*, expressed by:  
"'* iGGG           
 (2.7) The tan δ is the tangent of the phase angle and the ratio of the viscous 
modulus over the elastic modulus and a useful quantifier of the presence and extent of 
elasticity in the polymer composite determined from:  
'"tan GG          (2.7) 
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The dynamic viscosity is equivalent to the ratio of the stress in phase with the rate of 
strain to the amplitude of the rate of strain expressed by:  
 "' G          (2.8) 
2.3 Results and Discussion 
The theory and models to predict polymer blend phase morphology are 
predominately based on thermodynamic parameters where thermodynamic control 
should occur spontaneously and becomes effective at thermodynamic equilibrium; 
however, in practice each conductive polymer blend composite system is a case in 
itself that requires specific optimization.  The kinetic factors cannot be ignored in real 
systems and often have a large impact in determining arrangement of conductive 
fillers in the polymer matrix.  The balance of the interactions of the filler with each 
constitutive polymeric component may control the CB distribution in binary or ternary 
polymer blends.  However, thermal annealing at elevated temperatures may accelerate 
the structural evolution of the percolation network and the phase morphology in CB-
filled polymer blends. It should be pointed out that in the present work kinetic control 
refers to a non-equilibrium state that exists as a result of the method used to prepare 
the composites, including compounding method and any post-compounding treatment, 
such as annealing, whereas thermodynamic control refers to the state that is achieved 
as the system approaches equilibrium. 
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2.3.1 Electrical Resistivity 
A CB level of 0.5 vol% was selected for this study based on fact that this level 
was found to be comfortably above the percolation threshold yet still at an efficiently 
low level compared to single phase CPCs. The conductivity data for the four different 
compositions after 6, 30, and 150 minutes of annealing time are shown in Figure 2.5. 
The log of resistivity for the 0.5 vol% CB PP/PMMA(EAA-CB) sample after 30 
minutes of annealing time at 190 °C in the present work (value of approximately 4.2 
ohm-cm from Figure 2.5) matches well with the value obtained by Shen et al [85].  
 
Figure 2.5: Resistivity at room temperature as a function of annealing time of the 
multiphase composites.  The inset plots resistivity with error bars showing plus 
and minus one standard deviation after annealing for 30 minutes. 
2.3.1.1 Room Temperature Resistivity as a Function of Annealing 
As previously mentioned, the conductive multiphase composites were prepared 
by introducing the CB pre-mixed within one of the three polymer phases as well as 
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directly (neat) during the melt compounding.  The evolution of CB distribution in the 
multiphase system was investigated by thermal annealing under high pressure 
following the intensive melt compounding.  The room temperature resistivity as a 
function of annealing time was the main property of interest.  Therefore, each blend 
was prepared and evaluated in duplicate in order to be able to assess the resulting 
reproducibility of compounding and resistivity.  Figure 2.5 shows the room 
temperature resistivity as a function of annealing time for the composite systems with 
0.5 vol% CB.  The composites were annealed at 190 oC under a pressure of 17 MPa 
for 6 minutes, 30 minutes, and 150 minutes.  It was found that the resistivities of all 
the composites after six minutes annealing exceeded the measurement capability and 
therefore had a resistance greater than about 1.2x108 Ω (volume resistivity > 7.4x107 
Ω.cm for these specific samples).  Clearly the kinetically determined morphology 
during mixing followed by only a six-minute anneal at 190 °C does not result in a 
favorable conductivity (Figure 2.5).   
The resistivity was found to decrease significantly with increasing annealing 
time, consistent with gradual phase coalescence to the thermodynamically favorable 
highly conductive tri-continuous morphology proposed previously [85].  After 30 
minutes of annealing, the data suggest that the resistivities of the PP/PMMA/(EAA-
CB), PP/(PMMA-CB)/EAA-CB, and (PP-CB)/PMMA/EAA are all the same, within 
experimental error and that the PP/PMMA/EAA/CB is slightly higher (inset to Figure 
2.5), which may be attributed to poorer dispersion in PP/PMMA/EAA/CB due to 
omission of a CB masterbatch step. The resistivities after annealing for 150 minutes 
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were found to be approximately an order of magnitude lower than the samples 
annealed for 30 minutes (Figure 2.5), indicating that at least 150 minutes annealing are 
needed to reach equilibrium by this method.   
 Gubbels et al. [157] suggested that CB particles migrate to the interface by 
transferring from the phase with lowest affinity to that of highest affinity and 
preferentially interacting with that phase taking advantage of the temporary state 
where they are blocked and accumulate at the interface, which was deemed kinetic 
control.  The authors also suggested thermodynamic control if the surface affinity of 
the particles is balanced with that of the two polymers in a binary blend, in which case 
they will be thermodynamically stabilized at the interface regardless of the processing 
technique.  Some proposed mechanisms by which particles transfer from one phase to 
the other, pass the interface or more generally move inside the polymer blend in the 
molten state are discussed elsewhere [158].  It is evident from the present study that 
the compounding sequence and especially the thermal annealing times are critical for 
the formation of efficient conductive networks in this polymer system.  The 
resistivities were exceedingly high after experiencing intensive shear mixing in the 
initial melt compounding step followed by six minutes of annealing. However, after 
annealing for 30 minutes low levels of resistivity were achieved, representing more 
than three orders of magnitude change. 
2.3.1.2 Resistivity as a Function of Temperature 
The effect of temperature on the resistivity is associated with various factors 
including the types of polymers and fillers, the polymer melt points, the structure of 
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the conductive network, CB content, melt mixing conditions, and CB chemical 
treatment to name a few [158]. Figure 2.6 shows the resistivity as a function of 
temperature for the multiphase composites after annealing for 30 minutes with both a 
PTC region and NTC region observed.  As expected, an initial PTC was observed for 
all the composites.  The initial increase in resistivity is caused by polymer matrix 
volume expansion when melting [159].  The composite resistivity was found to 
increase with increasing temperature and reached a maximum around the melting 
point of EAA at approximately 100 °C.  The rate of increase in resistivity was very 
similar for the composites up to the maximum point followed by a sharp decrease.  
The resistivity increases again between 160 and 180 °C associated with the volume 
expansion of the PP and PMMA.     
 
Figure 2.6: Resistivity as a function of temperature of the multiphase composites 
annealed for 30 minutes. 
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The NTC effect was observed by a significant decrease in resistivity after 100 
°C.   The NTC has been widely ascribed to the re-aggregation of the conductive 
particles in the melting polymer when the molten viscosity is sufficiently low, leading 
to reconstructed conductive pathways [160].  The composites were found to decrease 
at the same rate with the exception of the PP/(PMMA-CB)/EAA composite, which 
was found to decrease more rapidly than the others from Figure 2.6.  This rapid 
decrease could be attributed to the low viscosity of the EAA above its melting point 
and preferential mobility of the CB out of the PMMA phase toward the 
thermodynamic value of resistivity of the given systems, given that the PP/(PMMA-
CB)/EAA had a relatively high maximum resistivity at 100 °C.  The resistivity was 
highest for the PP/PMMA/EAA/CB composite, similar to the behavior shown as a 
function of annealing time, whereas the PP/(PMMA-CB)/EAA composite has a high 
resistivity up to the 100 °C maximum but is comparable to the  (PP-CB)/PMMA/EAA 
and PP/PMMA/(EAA-CB) after the NTC effect is experienced.      
Figure 2.7 shows the stability of the resistivity over time at 160 °C for the 
multiphase composites that had first been annealed for 30 minutes at 190 °C.  There 
was little change in the resistivity over time at 160 °C, though after an initial small 
decrease a small increase was observed after 16 hrs.   This stability at 160 °C, which is 
well above likely use temperatures for polyolefin composites, is valuable from a 
practical end-use and application standpoint.  
 64 
 
Figure 2.7: Resistivity at 160 °C as a function of time for the multiphase 
composites annealed at 190 °C for 30 minutes. 
2.3.2 Morphology 
2.3.2.1 Localization of Carbon Black Filler 
The selective localization and dispersion state of CB particles in a polymer 
blend can be predicted qualitatively from the value of the wetting coefficient and 
minimizing the interfacial free energy in Young’s equation described elsewhere [7, 58, 
85].  In the present study, SEM and TEM were used to characterize the phase 
morphology of the polymer composites and distribution of CB as a function of 
compounding sequence and annealing time at 190 °C.  TEM images were taken at 
1,000x and 20,000x with the intention of showing, primarily, which phases contained 
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the CB, and secondarily, as many of the three phases present as possible (see Figure 
2.9 and Figure 2.10).  Of the three polymer phases in the system, the EAA picks up the 
most stain allowing a view of the semi-crystalline (see the grey box in Figure 2.8) 
structure in the phase.  The PMMA picks up the least stain and so remains the second 
brightest object in the TEM images (the brightest being any holes in the film) with no 
discernible structure.  The PP picks up stain more than the PMMA, which is 
hypothesized to be a result of the lower density of the polymer, and is the second 
darkest object in the images (the darkest being folds or overlapping sections of the 
film).  Thus, the overall contrast from darkest to brightest is 
folds>EAA>PP>PMMA>holes.  
The CB can be identified in the TEM images as small nodular particles that 
have a dark edge and a lighter inside (see the black and white boxes in Figure 2.8).  In 
all the samples, even those annealed for 6 minutes, the CB is within the EAA phase 
(see black boxes in Figure 2.11).  No CB was observed in the PP or PMMA phases in 
any of the samples.  Consequently, the continuity of the EAA phase is anticipated to 
be the primary factor controlling the resistivity. 
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Figure 2.8: TEM image showing CB morphology.  The white box surrounds an 
individual CB particle and the black box indicates an area with several 
agglomerated CB particles.  The grey box surrounds one of the crystalline 
lamellae formed by EAA. 
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Figure 2.9: TEM images of PP/PMMA/(EAA-CB) annealed for (A) 6 minutes, (B) 
30 minutes, (C) 150 minutes.  Top row shows images for each annealing time at 
1,000x magnification.  Bottom row (20,000x magnification) shows CB (~20 nm 
bright spots with dark edges in the EAA phase) as well as the semi-crystalline 
structure of the EAA. 
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Figure 2.10: TEM images of PP/PMMA/EAA/CB annealed for (A) 6 minutes, (B) 
30 minutes, (C) 150 minutes.  Top row shows images for each annealing time at 
1,000x magnification.  Bottom row (20,000x magnification) shows CB (~20 nm 
bright spots with dark edges in the EAA phase) as well as the semi-crystalline 
structure of the EAA.     
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Figure 2.11: TEM images at 4,000x of PP/PMMA/(EAA-CB) annealed for (A) 6 
minutes and (C) 150 minutes, and PP/PMMA/EAA/CB annealed for (B) 6 
minutes and (D) 150 minutes. CB (~20 nm dark spots - see black boxes for 
example) is only found in the EAA phase independent of the composition or 
anneal time. 
2.3.2.2 Evolution of Tri-Continuous Phase Morphology  
Empirical and semi-empirical models have been developed over the last three 
decades to estimate the phase inversion composition in terms of material properties 
and processing conditions [55, 56].  Paul and Barlow[53] proposed that the critical 
condition for phase inversion from a sea-island microstructure to co-continuous 
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structure is determined by the viscosity ratio in equation 1.4.  Phase continuity may be 
predicted by the Jordhamo relationship where: [54]  
X > 1, Phase 1 is Continuous 
X ≈ 1, Dual Phase Continuity or Phase Inversion 
X < 1, Phase 2 is Continuous     
Therefore, an increase in the volume fraction or decrease in melt viscosity of the 
minor component would lead to matrix continuity to enable electrical conductivity.  
Table 2.4: Viscosity ratio of the PP and PMMA major components (50/50 vol%) 
as a function of frequency 
Frequency, 
rad/s 
Viscosity 
Ratio 
100 1.0 
10 1.2 
1 1.6 
0.1 1.6 
 
As compared to the previous work, different grades of PP and EAA polymers 
were used.  Therefore, the viscosities for the pure polymer components were measured 
as a function of frequency at 190 °C (Figure 2.12) in order to predict the influence of 
the viscosity ratio on the polymer blend phase morphology.  The viscosity ratio as a 
function of frequency for 50/50 vol% split of the PP and PMMA major phases (each 
present at 42 vol% in the overall composition) are listed in Table 2.4.  All of viscosity 
ratios are close to 1, predictive of phase inversion and co-continuity according to the 
Jordhamo relationship.  Analogously, the minor component EAA would be predicted 
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to spread in the interphase due to a low viscosity compared to the PP and PMMA 
phases.   
 
Figure 2.12: Complex viscosity as a function of frequency of the pure PP, PMMA, 
and EAA polymers at 190 °C. 
Figure 2.13 and Figure 2.14 are Back-Scattered SEM images of 
PP/PMMA/(EAA-CB) and PP/PMMA/EAA/CB, respectively.  In these images the 
PMMA appears dark and the PP is the lighter continuous phase.  The EAA is the 
minor component, and in most regions is much lighter than the other two phases due 
to the staining of the EAA with the RuO4.  In some areas the staining appears less 
distinct, suggesting the samples did not stain uniformly, but the three phases are still 
discernible.   
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Figure 2.13: SEM images of PP/PMMA/(EAA-CB) annealed for (A) 6 minutes, 
(B) 30 minutes, (C) 150 minutes.  Left column shows images for each annealing 
time at the same (250x) magnification.  Right column shows higher (A and B) and 
lower (C) magnification images to show more details.  
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Figure 2.14: SEM images of PP/PMMA/EAA/CB annealed for (A) 6 minutes, (B) 
30 minutes, (C) 150 minutes.  Left column shows images for each annealing time 
at the same (250x) magnification.  Right column shows higher (A, B) and lower 
(C) magnification images to show more details. 
In both the PP/PMMA/(EAA-CB) and PP/PMMA/EAA/CB the same 
progression in morphology with annealing is observed.  The initial samples (Figure 
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2.13A and Figure 2.14A) show a fine dispersion of PMMA domains in a continuous 
PP matrix.  The EAA is mostly dispersed within the PP phase as discrete, roughly 
spherical domains.  On annealing (Figure 2.13B and Figure 2.13C as well as Figure 
2.14B and Figure 2.14C) the morphology changes substantially.  The PP remains a 
continuous matrix while the PMMA phases coalesce to form substantially (almost 2 
orders of magnitude) larger domains. The most striking change is in the EAA 
morphology, which goes from being mostly dispersed in the PP matrix as discrete, 
non-contiguous spheres to being almost entirely at the PP-PMMA interface and, in 
many areas, bridging between adjacent PMMA domains.  In the PP/(PMMA-
CB)/EAA composite, the PMMA phase was found to have a darker contrast compared 
to the PP/PMMA/(EAA-CB) composite confirming the presence of higher but 
intermediate levels of CB in the PMMA phase with migration toward the EAA (Figure 
2.15).   
Solvent etching with THF was used to dissolve and remove the PMMA in 
order to better delineate the three dimensional structures.  SEM images of etched cross 
sectioned faces of the PP/PMMA/(EAA-CB) and PP/PMMA/EA/CB samples after 6 
minute and 150 minutes annealing were obtained (Figure 2.16).  For both samples the 
6 minute annealing show the majority of PMMA domains are discrete and do not 
show interconnectivity into the sample.  However, in the 150 minute annealed samples 
the PP phase is intact and continuous while channels into the bulk can be seen, 
indicating the PMMA phase is also continuous demonstrating tri-continuity.  
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Figure 2.15: SEM micrographs of the PP/(PMMA-CB)/EAA composite after 
annealing for (A) 6 min and (B) 150 min at 190 ºC. 
 
A 
B 
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Figure 2.16: SEM images of etched samples of PP/PMMA/(EAA-CB) annealed 
for (A) 6 minutes and (B) 150 minutes, and PP/PMMA/EAA/CB annealed for (C) 
6 minutes and (D) 150 minutes. 
2.3.3 Additional Characterization 
DSC thermograms provide a qualitative measure to determine if polymer 
blends are miscible or immiscible.  DSC curves were obtained for the individual 
polymers and the PP/PMMA/(EAA-CB) ternary polymer blend composite in the 
temperature range from -50 °C to 220 °C shown in Figure 2.17.   
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Figure 2.17: DSC thermograms for the individual polymers and the 
PP/PMMA/(EAA-CB) ternary polymer blend composite in the temperature 
range of -50 °C to 220 °C. 
Single melting peaks were observed at 97.5 °C and 163.4 °C for the semi-
crystalline EAA and PP, respectively.  The PMMA is an amorphous polymer with a 
glass transition temperature observed at 96.7 °C.  As expected for the immiscible 
polymer blend, two distinct melting peaks were observed at 97.6 °C and 161.4 °C for 
the PP/PMMA/(EAA-CB) composite characteristic of the EAA and PP melt points.   
The PMMA glass transition in the composite was masked by the crystalline melt point 
of the EAA. 
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2.3.4 Rheology 
Rheology has been used for assessing filler dispersion in polymer melts [161].  
The complex viscosity (η*), storage modulus (G’), loss modulus (G”), and loss 
tangent (tan δ) as a function of frequency (ω) are shown in Figure 2.18 for the 
multiphase composites that were annealed for 30 minutes at 190 °C.  All the 
composite samples were found to have similar rheological behaviors after annealing 
for 30 minutes.  The η*, G’, G”, and tan δ curves for the 6 minute and 150 minute 
annealing times for the different composites exhibited similar rheological behavior 
relative to each other.  This would not be totally unexpected due to the fact that the 
polymer volume fractions are the same in each composite and the CB content is fairly 
low, below 1.0 vol%, and not contributing significantly to the overall composite 
rheology after equal annealing times.  For the samples annealed 30 minutes, the (PP-
CB)/PMMA/EAA composite had the lowest overall complex viscosity, the 
PP/PMMA/(EAA-CB) the next lowest, followed by the PP/(PMMA-CB)/EAA and 
PP/PMMA/EAA/CB having the highest; albeit the differences are small.  It is 
interesting to note that the room temperature conductivity on the samples annealed for 
30 minutes was observed to follow the same order shown in Figure 2.5.  The number 
and size of CB particles and agglomerates are believed to contribute to the correlation 
between conductivity and complex viscosity.   
The CB migration and distribution as a function of annealing time within each 
of the composites prepared via CB pre-dispersion in each of the polymer phases as 
well as direct addition was characterized by dynamic oscillatory shear rheology. 
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Figure 2.19 shows the η*, G’, G”, and tan δ at 190 oC for the PP/PMMA/(EAA-CB) 
composites after different annealing times. For the PP/PMMA/(EAA-CB) composite, 
the storage modulus and complex viscosity were found to increase with increased 
annealing time from 6 minutes to 150 minutes.  The EAA phase has the lowest 
viscosity and is the minor volume fraction component of the system.  Therefore, the 
CB would be expected to have the highest mobility in this phase and the aggregation 
of CB agglomerates increases with increasing annealing time.  The coalescence of CB 
agglomerates that are formed within the EAA phase (observed in Figure 2.11) is 
believed to contribute to the increase of the storage modulus and complex viscosity.  It 
is thought that the larger agglomerates occlude the polymer in their interparticle voids 
and thereby increase the relative viscosity at a given CB loading and there is an 
apparent situation of higher filler loading than is actually present [162].  The effect of 
filler agglomerates could be considered analogous to the effect of filler concentration, 
in that the system would experience a higher localized viscosity with increasing 
number of CB agglomerates.  Similarly, an increase in complex viscosity and storage 
modulus with increasing annealing time was observed in Figure 2.20a and Figure 
2.20b for the PP/PMMA/EAA/CB composite where the CB was directly added to the 
polymer blend.  It is believed that the CB migrates toward the EAA phase over time 
and forms larger agglomerates in the interfacial regions (Figure 2.14C), which causes 
an increase in modulus and viscosity. 
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Figure 2.18: Complex viscosity (A), storage modulus (B), loss modulus (C), and 
tan δ (D) as a function of frequency at 190 °C for the composites after annealing 
for 30 minutes. 
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Figure 2.19: Complex viscosity (A), storage modulus (B), loss modulus (C), and 
tan δ (D) a function of frequency at 190 °C for the PP/PMMA/(EAA-CB) 
composite after different annealing times. 
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Figure 2.20: Complex viscosity (A), storage modulus (B), loss modulus (C), and 
tan δ (D) as a function of frequency at 190 °C for the PP/PMMA/EAA/CB 
composite after different annealing times. 
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Figure 2.21: Complex viscosity (A), storage modulus (B), loss modulus (C), and 
tan δ (D) as a function of frequency at 190 °C for the PP/(PMMA-CB)/EAA 
composite after different annealing times. 
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Figure 2.22: Complex viscosity (A), storage modulus (B), loss modulus (C), and 
tan δ (D) as a function of frequency at 190 °C for the (PP-CB)/PMMA/EAA 
composite after different annealing times. 
The complex viscosity and storage modulus of the PP/(PMMA-CB)/EAA was 
found to increase for the 6 and 30 minute annealing times; however, no change was 
observed from 30 to 150 minutes.  For this particular composite, similar kinetic effects 
were seen between the shift in complex viscosity on the 6 and 30 minute annealing 
times and not thereafter in Figure 2.21 and the change in resistivity as a function of 
temperature in Figure 2.6.  The CB appeared more distributed within the PMMA 
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phase (refer to Figure 2.15A) and migrated slower toward the EAA interphase (Figure 
2.15B) with less CB agglomerates that may contribute less impact on the rheological 
properties over time.    
In the case of the (PP-CB)/PMMA/EAA composite, there was no change in the 
complex viscosity or storage modulus as a function of annealing time (Figure 2.22a 
and Figure 2.22b); yet, the conductivity was found to be much higher after annealing 
for 30 minutes (Figure 2.5).  This is believed to be due to the relatively rapid 
migration of CB from the PP phase to the PP/EAA interface and formation of larger 
CB agglomerates within the interfacial region and beginning to move into the low 
viscosity EAA phase. 
2.4 Conclusions 
Previous work has identified PP/PMMA/EAA/CB as very efficient conductive 
composites due to triple percolation. In Chapter 2, it was demonstrated that kinetic and 
thermodynamic parameters influenced polymer blend phase morphology and 
localization of filler to increase electrical conductivity as a function of annealing time.  
The conductivity was found to be kinetically driven during the intensive compounding 
process, and was dependent on the mode of addition of CB. Upon annealing, the 
morphology and conductivity underwent rapid transitions.   
Though statistically significant differences remained after 30 minutes of 
annealing, by 150 minutes the conductivities were the same, within experimental 
error, for all modes of CB addition suggesting a transition from kinetic to 
thermodynamic control after long annealing times.  The resistivity after annealing for 
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150 minutes was found to be lower by a statistically significant amount compared to 
the samples annealed for 30 minutes.   
The overall increase in conductivity upon annealing was determined to be the 
result of changes in the phase morphology.  In particular, the EAA phase goes from 
being mostly dispersed in the PP matrix as discrete, non-contiguous spheres to being 
almost entirely at the PP-PMMA interface, forming a tri-continuous morphology.  The 
evolution of conductivity upon annealing is attributed to this rather than to changes in 
localization of CB, given that the CB was found to be entirely located in the EAA 
phase even at short annealing times (and independent of compounding sequence), 
where the conductivity was not measurable. No CB was observed in the PP or PMMA 
phases.  The conductivity enhancement was only observed at longer annealing times 
after formation of a tri-continuous phase morphology, which was confirmed by 
solvent etching.  The addition of CB via masterbatch results in significantly lower 
resistivity compared to when added direct to the system during compounding after 30 
minutes annealing by a statistically significant amount. 
Dynamic oscillatory shear rheology and small-amplitude oscillation response 
was used to probe for differences in the tri-continuous morphology and attempt to 
characterize the CB distribution with annealing time.  Minor differences were 
observed in the PP/PMMA/(EAA-CB) as a function of annealing time.  It is believed 
that the presence of CB aggregates in the EAA interphase region created an apparent 
situation of higher filler loading than is actually present resulting in higher viscosity 
for this system.  The rheology was not observed to be significantly different for the 
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other multiphase composites as a function of annealing, nor for the compounding 
sequence after the same annealing time.     
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INFLUENCE OF CARBON BLACK AND CARBON NANOTUBES ON THE 
CONDUCTIVITY, MORPHOLOGY, AND RHEOLOGY IN CONDUCTIVE 
TERNARY BLENDS 
3.1 Introduction 
In this chapter, the influence of CB and multiwall CNT, chosen based on their 
potential to be more efficient than CB, conductive fillers with different effective 
aspect ratios on the phase morphology, electrical properties, and rheological behavior 
in a PP/PMMA/EAA ternary polymer blend was studied.  The PP/PMMA/(EAA-
CNT) system was compared to two different PP/PMMA/(EAA-CB) systems.  The 
electrical resistivity percolation behavior was investigated as a function of conductive 
filler content for the ternary polymer blends and single phase systems.  The ternary 
blend phase morphology and conductive filler dispersion were characterized by 
multiple microscopy techniques.  Rheology measurements at low frequency are 
sensitive to microstructural changes and were used to probe the percolation including 
dispersion of conductive filler and formation of an interconnected filler network.  The 
relationship between the phase morphology, electrical percolation threshold, and 
rheological behavior was analyzed. 
3.2 Experimental 
The three polymers used in the preparation of the ternary polymer blend were 
PP (FF018F) from Braskem, PMMA (IF 850B) from LG Chemicals, and EAA 
(Primacor 3004 copolymers) with 9.7 wt% acrylic acid from The Dow Chemical 
Company as in Chapter 2 [163].    Two grades of CB with different colloidal 
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properties including surface area measured by iodine adsorption number and aggregate 
size (pore volume or structure) measured by dibutyl phthalate (DBP) oil adsorption 
number were compared to multiwall CNT.  The first CB (CB1) had a relatively low 
surface area (iodine adsorption number of 46 g/kg) and pore volume (DBP adsorption 
number of 95 ml/100g).  The second CB (CB2) was the same extra-conductive CB 
used in Chapter 2 from Akzo Nobel (Ketjenblack EC-300J) with a high surface area 
(iodine adsorption number of 800 mg/g) and pore volume (DBP adsorption number of 
327 ml/100g).  The multiwall CNT produced by catalytic chemical vapor deposition 
and pre-mixed in the EAA polymer were provided by Arkema Inc. and had an average 
diameter of about 10 nm and a length of about 10 microns.  All materials were used as 
received.  
3.2.1 Formulations 
A series of PP/PMMA/EAA composites containing CB and CNT were 
prepared.  The composite formulations are shown in Figure 3.1.  The conductive fillers 
(CB1, CB2, and CNT) were pre-mixed in the EAA polymer phase at 9.3 vol% to form 
a masterbatch prior to compounding the composites where the conductive filler was 
preferentially distributed in the minor EAA phase.   
3.2.2 Melt Compounding 
 The masterbatches and final composites were melt-mixed using an internal 
C.W. Brabender prep-mixer.  For the CB masterbatches, the CB and EAA polymer 
were directly compounded at 60 rpm for 10 minutes at 130 °C.  As mentioned above, 
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the CNT were received as a masterbatch provided by the supplier.  For the multiphase 
composites, the EAA-CB and EAA-CNT masterbatches were mixed with the PP and 
PMMA base resins and compounded at 190 °C at 60 rpm for 5 minutes.   
Table 3.1. Compositions of the multiphase conductive polymer composites 
Composite 
PMMA 
(vol%) 
PP 
(vol%) 
EAA-CB1 
(vol%) 
EAA-CB2 
(vol%) 
EAA-CNT 
(vol%) 
CB1-25 48.75 48.75 2.50 
  
CB1-55 47.25 47.25 5.50 
  
CB1-85 45.75 45.75 8.50 
  
CB1-110 44.50 44.50 11.00 
  
CB1-200 40.00 40.00 20.00 
  
CB1-322 33.90 33.90 32.20 
  
CB2-05 49.75 49.75  0.50  
CB2-15 49.25 49.25  1.50  
CB2-25 48.75 48.75 
 
2.50 
 
CB2-55 47.25 47.25 
 
5.50 
 
CB2-85 45.75 45.75 
 
8.50 
 
CB2-110 44.50 44.50 
 
11.00 
 
CB2-160 42.00 42.00 
 
16.00 
 
CB2-200 40.00 40.00 
 
20.00 
 
CNT-05 49.75 49.75  
 
0.50 
CNT-15 49.25 49.25  
 
1.50 
CNT-25 48.75 48.75 
  
2.50 
CNT-55 47.25 47.25 
  
5.50 
CNT-85 45.75 45.75 
  
8.50 
CNT-110 44.50 44.50 
  
11.00 
CNT-160 42.00 42.00 
  
16.00 
CNT-200 40.00 40.00 
  
20.00 
3.2.3 Compression Molding 
 Prior to testing, the polymer composites were compression molded at 190 °C 
and 3.45 MPa for 3 minutes, then the pressure was increased to 17 MPa followed by 
 91 
thermal annealing at 190 °C for 30 minutes.   After 30 minutes, the composites were 
cooled at 17 MPa pressure to 30 °C with chilled water.   
3.2.4 Electrical Resistivity 
 The electrical resistivities of the polymer composites were obtained from 
compression molded samples.  Low resistance measurements (<108 Ω) were 
conducted using a Keithley 2700 Integra Series digital multimeter with 2-point probe.  
At least two samples (101.6 mm long by 50.8 mm wide by 1.9 mm thick) were tested 
for each formulation.  Silver paint (conductive silver #4817N) was applied to 
minimize contact resistance between the samples and electrodes.  High resistance 
measurements (>108 Ω) were conducted using a Keithley Model 6517B electrometer 
high resistance meter coupled with a Model 8009 resistivity test chamber.  Circular 
disk samples with 76.2 mm diameter and 1.9 mm thick were tested.   
3.2.5 Morphology 
 Samples were excised from plaques in 1 cm x 1 cm squares and trimmed down 
with a razor blade to have a block face roughly < 0.5 mm x 0.5 mm.  These rough 
block faces were then polished with a Diatome Cryo 45 Trim knife, stained in a 0.5% 
RuO4 solution for 16 hours and then rinsed with deionized water.  For Transmission 
Electron Microscopy (TEM), 70 – 100 nm thick sections were then cut from the 
stained block face using a Leica UC7 microtome at room temperature with a Diatome 
Sonic knife (Voltage: 2.1, Frequency: 33.4 Hz) and collected on Formvar coated TEM 
grids.  TEM images were obtained with a FEI Techni at 120 keV.  Scanning Electron 
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Microscopy (SEM) samples were the remaining RuO4 stained block faces from TEM 
sample preparation.  SEM images were obtained with a Hitachi 3400 in variable 
pressure mode (25 Pa) using a backscatter detector.   
3.2.6 Dynamic Rheology 
 Dynamic oscillatory shear rheology was conducted with an ARES oscillatory 
shear rheometer for analysis of viscoelastic behavior.  The oscillatory shear 
measurements were conducted at 190 °C with the parallel plate geometry (plate 
diameter of 25 mm) under a nitrogen environment.  Frequency sweeps were carried 
out at 0.25% strain between a frequency of 0.1 and 100 rad/s. The strain amplitude 
was chosen within the linear viscoelastic region.   The rheology experiments were 
conducted on samples that had been annealed at 190 °C for 30 minutes.   
3.3 Results and Discussion 
3.3.1 Electrical Resistivity of the Composites 
The percolation behavior as a function of conductive filler content was 
compared for the ternary polymer blends and single-phase polymer systems.  It is 
generally accepted that the critical conductive filler loading is referred to as the critical 
percolation concentration, φc, for each system where the first continuous conductive 
filler network is formed throughout the matrix and the resistivity of the material drops 
sharply.  The power-law equation σ = σo(φ − φc)
t is widely used to evaluate the 
relationship between filler loading and electrical conductivity where σ is the electrical 
conductivity of the composites, σo is a constant related to the intrinsic conductivity of 
the conductive filler, φ is the volume fraction of the conductive filler, φc is the volume 
 93 
fraction at the critical percolation threshold, and t is the power law exponent related to 
the mechanism of conductive network formation in the system.  
It would be desirable to change the conductive filler volume percent as an 
independent variable to establish the percolation behavior.  However, in this study the 
conductive filler was pre-mixed with the EAA phase prior to preparation of the final 
composite and therefore both the EAA and conductive filler concentrations varied.  In 
one respect, this provided an indication of the impact of both filler content and volume 
fraction of the minor EAA component for each type of conductive filler. 
 It is known that CB with smaller particle size (lower surface area) and larger 
aggregate size (higher structure) will result in higher conductivity at lower loading but 
have higher viscosity, be harder to disperse in the polymer matrix, and tend to be 
higher in cost [164].  On the other hand, CB with larger particle size and smaller 
aggregate size will be lower cost, easier to disperse in the polymer matrix, and have a 
lower viscosity, but will require a much higher loading to achieve percolation. For 
CNT, the high aspect ratio leads to much higher conductivity at low loading, but 
subsequently results in much higher viscosity and makes it more difficult to disperse.  
Therefore, it becomes crucial to choose the right balance of conductive filler and 
polymer blend morphology to achieve the desired composite performance.   
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Figure 3.1 Percolation behavior of single and ternary polymer composites 
comparing CB and CNT conductive fillers at 23 °C. The percolation threshold 
and φc are illustrated in the PP/PMMA/(EAA-CB1) for reference. 
 The percolation behavior of the single and ternary composites is shown in 
Figure 3.1.  At low concentrations of filler, the resistivity is high and gradually 
decreases with increasing filler content. The best fitting value for the critical 
concentration of the ternary composites with CB1, CB2, and CNT were φc = 0.58 
vol%, 0.20 vol%, and 0.17 vol% which are more than 8 times lower than φc = 5.0 
vol%, 2.0 vol%, and 1.5 vol% for the single phase systems, respectively.  In addition 
to φc, the percolation threshold is also defined by the filler concentration at the 
inflection point on the percolation curve (evident in Figure 3.1) where the system 
transitions from insulating to conductive and particle network formation increases, 
which occurs at about 1.0 vol% for CB1 and about 0.5% for CB2 and CNT.   
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In all cases, the ternary polymer composite systems were found to have a sharp 
decrease in electrical resistivity over a narrow conductive filler range whereas the 
single phase systems reached percolation over a broader range.  For example, the 
electrical resistivity of the ternary composite with CNT dropped from 2.47x1015 Ω-cm 
to 4.02x103 Ω-cm with an increase in CNT content from 0.15 to 0.80 vol% whereas 
the single phase composite dropped from 2.40x1016 Ω-cm to 2.95x105 Ω-cm with an 
increase in CNT content over a broad range from 1.0% to 5.0 vol%.  The low surface 
area, low structure CB1 inherently has the lowest conductivity of the three fillers in 
the study; however, the use of the multiphase polymer blend significantly lowered the 
percolation threshold and required 80% less CB1 (1.9 vol% instead of 9.33 vol%) to 
achieve conductivity in the semiconducting range of 104 Ω-cm (Figure 3.1).  
Interestingly, CB2 was found to have similar percolation behavior to the CNT. 
3.3.2 Morphological Characterization 
 TEM was used to determine the dispersion of the conductive fillers.  TEM of 
the EAA masterbatches (Figure 3.2) showed that in the micron size range and greater 
(Figure 3.2A-C) all the conductive fillers displayed fairly uniform dispersion.  Some 
clusters of the CNT were observed, as depicted in the center of Figure 3.2C.  At higher 
magnification (Figure 3.2D-F) individual dispersed particles of the conductive fillers 
can be seen as well as crystalline lamellae of the EAA.  As mentioned above, CB2 is a 
very high surface area material that falls into the extra conductive family of carbon 
blacks that is more graphitic than traditional furnace blacks like CB1.  The structure of 
CB1 and CB2 as compared to the CNT can be seen in Figure 3.2.  The combination of 
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the high surface area for CB2 and some clusters of CNT may explain why the CB2 
was found to have similar percolation behavior to the CNT (Figure 3.1).  The 
conductive filler distribution was also investigated by TEM for the ternary blends.  
Example micrographs (Figure 3.3) show that all three conductive filler types remained 
strongly partitioned into the EAA phase and uniformly distributed in that phase.  
 
Figure 3.2. TEM showing the conductive filler distribution in the EAA 
masterbatches. (A) EAA-CB1, (B) EAA-CB2 and (C) EAA-CNT at low 
magnification and (D) EAA-CB1, (E) EAA-CB2 and (F) EAA-CNT at high 
magnification 
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Figure 3.3. TEM of the ternary blends with EAA-CB1 at (A) 11.0 vol% and (D) 
20.0 vol%, with EAA-CB2 at (B) 11.0 vol% and (E) 20.0 vol%, and EAA-CNT at 
(C) 5.5 vol%  
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Figure 3.4. SEM micrographs of the ternary composites as a function of filler 
type with varying filler and EAA volume percent 
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The phase morphology of the ternary blends was investigated using SEM 
(Figure 3.4).  Comparison of the TEM and SEM micrographs indicates the bright 
domains in the SEM correspond to the EAA-conductive filler.  For example, Figure 
3.4A and Figure 3.4B compares the CB1-110 TEM and SEM, respectively.  The 
darker regions are the PMMA and the intermediate gray phase is the PP.  The samples 
with CB1 show a three-phase morphology with the EAA-CB1 predominantly at the 
interface between the PP and PMMA.  This is consistent with what has been observed 
in previous work [163].  At the other extreme, in the CNT samples a portion of the 
EAA-CNT is at the PP-PMMA interface and the other portion is dispersed in the PP 
phase.  The fraction of the EAA dispersed in the PP phase is a strong function of the 
fraction of EAA in the blends, with roughly half the EAA at the interface in the 
sample with 5% EAA while most of the EAA is in the PP phase in the sample with 
18.1% EAA.  The CB2 morphology is intermediate between the CB1 and CNT but is 
notable in that a substantial fraction of the EAA that is dispersed in the PP at 18.1% 
EAA.  
In both the CB2 and CNT samples, the characteristic size scale of the phase 
separation between the PP and PMMA is smaller by at least a factor of 2 than in the 
CB1 sample.  Compared to the morphology of the ternary blends composed of EAA 
without any filler, the phase domains for the samples with filler are much smaller on 
average.  This was found to be particularly true for fillers with an effective aspect ratio 
that are high such as the CB2 and CNT samples.  One explanation for this observation 
is that the high effective aspect ratio of the CB2 and CNT increases the EAA phase 
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viscosity and slows down phase coalescences and leads to fragmentation of the EAA 
domains.  Gubbels and co-workers found that the phase morphology of polymer 
blends was stabilized in the presence of CB particles and slowing down of the phase 
coalescence process was attributed to the increase in viscosity of one of the phases 
[30]. 
3.3.3 Rheological Behavior of the Composites  
Dynamic rheological measurements have been utilized to predict phase 
inversion of binary polymer blends and assess filler dispersion in polymer melts [34, 
52].  Phase continuity may be predicted by the Jordhamo relationship such that an 
increase in the volume fraction or decrease in melt viscosity of the minor component 
would lead to matrix continuity to enable electrical conductivity [54].  In the previous 
work utilizing the PP/PMMA/EAA ternary blend, the viscosity ratio for a 50/50 vol% 
split of the PP and PMMA major phases (each present at equal vol% in the overall 
compositions) was shown to be close to 1 through the frequency range resulting in a 
co-continuous morphology as predicted by the Jordhamo relationship and coincides 
with spreading of the minor EAA phase at the interphase due to a lower viscosity 
compared to the PP and PMMA phases [163].  
The ternary composites in the present study were found to be conductive with 
increasing filler concentration after 30 minutes annealing despite complete wetting of 
the minor EAA phase at the PP-PMMA interphase observed for the high structure 
CB2 and high effective aspect ratio CNT composites containing 1.9 vol% whereas 
continuity was achieved with the low structure CB1 (Figure 3.4).  Figure 3.5 shows 
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the complex viscosity (η*) as a function of frequency (ω) for the neat polymers and 
the filled EAA masterbatches.  The complex viscosity of the EAA phase for the EAA-
CB2 and EAA-CNT masterbatches was found to be quite high (shown in Figure 3.5) 
such that it was higher than the PP and PMMA whereas the EAA-CB1 masterbatch 
viscosity was lower than the PP and PMMA phases.  It is hypothesized that the 
kinetics of phase separation slow significantly as the viscosity of the minor phase 
increases causing a lack of complete continuity and spreading at the interphase after 
30 minutes annealing.  Based on the rheology and microscopy, it is proposed that 
beyond a critical loading of conductive filler particles, especially for the CB2 and 
CNT with high effective aspect ratios, phase separation is slowed significantly due to 
the aggregation of particles into a network formation within the EAA phase causing a 
significant increase in phase viscosity.   
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Figure 3.5. Complex viscosity of the polymers and EAA masterbatches as a 
function of conductive filler type at 190 °C 
Li et al. [165] described this phenomenon with the preparation of co-
continuous microstructured polymer blends and nanoparticles by formation of a 
percolating network of particles within one phase of a polymer mixture undergoing 
spinodal decomposition.  This is analogous to bi-continuous interfacially jammed 
emulsion gels (bijels) as non-equilibrium structures formed by jamming of colloidal 
particles at the interface between two partially miscible materials undergoing spinodal 
decomposition with the onset of jamming determined by the overall colloid volume 
fraction [166-168]. 
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The EAA-CB2 and EAA-CNT phases would be expected to further coarsen 
over time and yield a more complete continuous morphology of increasing size as 
evident in the previous work where the EAA-CB2 phase was found to be almost 
entirely at the PP-PMMA interface [163].  It is important to note that the EAA-CB2 
masterbatch in the previous work contained three times less CB than in this study and 
further supports the effect of lower viscosity on the evolution of the tri-continuous 
phase morphology.   
The viscoelastic behavior in the low frequency region is sensitive to 
microstructural changes of the composite material, which may serve as an indication 
of changes in blend morphology as well as the dispersion of CB [169].  It is generally 
known that the formation of an interconnected network structure of anisometric fillers 
in a polymer matrix results in an apparent yield stress which is visible in dynamic 
measurements by a non-Newtonian behavior of the η*, a plateau in G′ and G” (more 
pronounced in G’), and onset of a loss tangent (tan δ) peak in the low frequency 
region [170, 171].  The G′ and tan δ in the low frequency regime are sensitive 
measures of the microstructure in the melt where time does not limit molecular 
relaxation processes [109].  As the conductive filler content increases in the composite 
system, filler-filler interactions begin to dominate, impeding the motion of the 
polymers, eventually leading to percolation and the formation of an interconnected 
network structure.   
To understand the rheological behavior of the ternary composites with each 
conductive filler, the effect of increasing conductive filler concentration was 
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considered.  Figure 3.6, Figure 3.7, and Figure 3.8 show η*, G’, G”, and tan δ as a 
function of frequency and increasing filler concentration for the CB1, CB2, and CNT 
based composites, respectively.  The ternary composites exhibited similar, converging 
rheological responses at frequency greater than 1 rad/s while the larger differences are 
observed in the low frequency region.  The η* was found to increase with increasing 
filler content and exhibit non-Newtonian behavior across the frequency range.  The G’ 
appears to reach the onset of a plateau (observed as a break in the G’ curve) at low 
frequencies starting at about 1.0 vol% for the CB1 system while at 0.5 vol% it is 
already visible for the CB2 and CNT systems.  The increasing G’, especially at low 
frequency, suggests a more elastic structure where molecular motion is inhibited by 
increasing particle network formation within the EAA phase.  The tan δ decreases 
with increasing filler concentration and peaks at about 1.0 vol% for CB1 and 0.5 vol% 
for CB2 and CNT indicating a transition from a viscous-like behavior (tan δ < 1) to a 
more elastic-like behavior with longer relaxation times (tan δ < 1) as a result of the 
particle network formation as evident from the TEM micrographs (shown in Figure 
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3.3).  
 
Figure 3.6. Complex viscosity, storage modulus, loss modulus, and tan δ as a 
function of frequency at 190 ºC for the PP/PMMA/(EAA-CB1) 
 
 106 
 
Figure 3.7. Complex viscosity, storage modulus, loss modulus, and tan δ as a 
function of frequency at 190 ºC for the PP/PMMA/(EAA-CB2) 
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Figure 3.8. Complex viscosity, storage modulus, loss modulus, and tan δ as a 
function of frequency at 190 ºC for the PP/PMMA/(EAA-CNT) 
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Figure 3.9. Complex viscosity, storage modulus, loss modulus, and tan δ as a 
function of frequency for the ternary composites containing 1.9 vol% conductive 
filler at 190 ºC 
The effect of filler type at equivalent loading on the rheological behavior was 
compared.  Figure 3.9 compares the η*, G’, G”, tan δ as a function of frequency for 
the ternary composites containing 1.9 vol% conductive filler.  The ternary composites 
had similar η*, G’, and tan δ at 0.5 vol% loading.  The CB2 and CNT composites 
began to gradually show differences at 1.0 vol% becoming more significant at 1.9 
vol% (Figure 3.9) compared to CB1.  The rheological behavior of the ternary 
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composites can be attributed to the increasing particle network formation within the 
EAA phase, consistent with the increase in conductivity of the CB2 and CNT 
compared to CB1 at equivalent loading (Figure 3.1).   
3.4 Conclusions 
 This work investigated the effect of different CB and multiwall CNT 
conductive fillers with a range of effective aspect ratios on the phase morphology, 
electrical properties, and rheological behavior in a PP/PMMA/EAA ternary polymer 
blend with the PP and PMMA as the two major continuous phases and EAA-filler as a 
third minor component.  The conductive filler was pre-mixed and localized within the 
EAA minor phase.  The critical electrical percolation threshold for the ternary 
conductive polymer composites was found to be around 0.5% vol% for the 
PP/PMMA/(EAA-CB1) and 0.2 vol% for the PP/PMMA/(EAA-CB2) and 
PP/PMMA/(EAA-CNT), which are more than 8 times lower than for the single-phase 
systems.  The rheological threshold coincided with the electrical resistivity percolation 
threshold inversion point, which was found to be around 1.0 vol% for the CB1 system 
and 0.5 vol% for the CB2 and CNT systems.  This suggests that the rheological 
response is sensitive to the interconnected network formation of the conductive filler, 
which is also directly related to electrical conductivity.   
   The conductive fillers were found to be uniformly distributed in the EAA 
matrix, however, some clusters were observed in the case of CNT.  The phase 
morphology of the CB1 containing blends showed a tri-continuous three-phase 
morphology with the EAA-CB1 predominantly at the interface between the PP and 
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PMMA consistent with what has been observed in previous work. However, for the 
EAA-CB2 and EAA-CNT containing blends, a substantial fraction of the EAA-CB2 
and EAA-CNT phases were found to be dispersed in the PP phase.  The characteristic 
size scale of the phase separation between the PP and PMMA in the CB2 and CNT 
system is smaller by at least a factor of 2 than in the CB1 sample.  It was proposed that 
beyond a critical loading of conductive filler particles in the minor EAA phase, 
especially for fillers with effective aspect ratios that are high such as the CB2 and 
CNT, phase separation is slowed significantly due to the aggregation of particles into a 
network formation within the EAA phase causing a significant increase in phase 
viscosity.   
 Ternary polymer blends offer a potential route to prepare conductive 
composites using fillers with effective aspect ratios that are high with stable phase 
morphology and significantly lower percolation threshold.  The results are consistent 
with the hypothesis that the kinetics of phase separation and resulting formation of a 
tri-continuous morphology are dictated by the viscosity of the minor phase relative to 
the two major phases, suggesting that the conductive minor phase viscosity should be 
optimized to that of the major phases when designing the final composite.  
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EXPERIMENTAL AND NUMERICAL ANALYSIS OF CONDUCTIVE 
TERNARY POLYMER BLEND COMPOSITES 
4.1 Introduction 
Ternary polymer blends can form phase morphologies of sea-island or core-
shell droplets [15-18] and co-continuous [19-21] hierarchical structures.  The work in 
chapters 2 and 3 demonstrated that kinetic and thermodynamic parameters influenced 
the CB-filled PP/PMMA/EAA ternary blend phase morphology and localization of the 
CB filler to increase electrical conductivity at reduced filler concentration over a 
single polymer system as a function of annealing time [22] and that beyond a critical 
loading of conductive filler particles in the minor EAA phase, especially for fillers 
with effective aspect ratio that are high such as the type of CB used in this work, phase 
separation is slowed significantly due to the aggregation of particles into a network 
formation within the EAA phase causing a significant increase in phase viscosity 
which can impact the overall morphology development.  It is crucial to have an 
understanding of the morphology evolution of various ternary polymer blends.  By 
controlling the kinetic and thermodynamic factors as well as the relative amounts of 
each polymer phase, it is possible to influence the phase morphology and tune the 
electrical conductivity of the final composite.  It is of particular interest to be able to 
model and predict the phase morphology and resulting electrical conductivity of the 
multiphase polymer blends to develop conductive polymer composites and advanced 
materials.   
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The Cahn–Hilliard model has been used to describe various morphology 
evolution processes including phase separation and inversion primarily in binary 
systems [23-25].  Vonka et al. [26] modeled the morphology evolution of hetero-phase 
polymers with a modified Cahn-Hilliard model that undergoes phase separation and 
inversion during their formation. High impact polystyrene (HIPS) was selected with 
double-emulsion morphology, consisting of the continuous PS phase with dispersed 
micron-sized polybutadiene (PB) particles containing submicron occlusions of the 
partially grafted copolymer (PB-g-PS).  The spinodal decomposition in ternary 
systems with order-of-magnitude differences in diffusion coefficients has been 
modeled [27, 28].  Buxton et al. [29] combined the Cahn–Hilliard theory for binary 
mixtures and a Brownian dynamics for nanorods to create a hybrid model to determine 
the structural evolution of a nanocomposite, in which incorporation of the nanorods 
into the minority phase of the phase-separating blend yields a bi-continuous 
morphology and percolating network within the continuous minority phase.   
In this chapter, the Cahn-Hilliard theory was used to model and predict the 
phase morphology and electrical conductivity as a function of the constituents' 
characteristics of the CB-filled PP/PMMA/EAA ternary system.  A combined 
experimental-numerical-theoretical approach is adopted in order to further understand 
the electrical behavior of these complex composites. The combined approach allows 
us to study in great detail the relationship between morphology and performance 
allowing for the potential design of new optimized composite systems that exceed the 
performance of existing materials.           
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4.2 Experimental 
4.2.1 Materials 
 An extension of the PP/PMMA/(EAA-CB) ternary polymer blend evaluated 
previously served as the basis for this study [163].  The polymers in this chapter were 
PP (FF018F) from Braskem, PMMA (IF 850B) from LG Chemicals, and EAA 
copolymer (Primacor 3004) with 9.7 wt% acrylic acid from The Dow Chemical 
Company.  The conductive filler was a high surface area extra conductive CB 
(Ketjenblack EC-300J) from AkzoNobel.  All materials were used as received.   
Table 4.1. Compositions of the conductive ternary polymer composites 
Composite 
PMMA 
(vol%) 
PP 
(vol%) 
EAA-CB 
(vol%) 
EAA vol% in 
Composite 
CB-05 49.75 49.75 0.50 0.50 
CB-15 49.25 49.25 1.50 1.40 
CB-25 48.80 48.80 2.50 2.30 
CB-55 47.30 47.30 5.50 5.00 
CB-85 45.80 45.80 8.50 7.70 
CB-110 44.50 44.50 11.00 10.00 
CB-160 42.00 42.00 16.00 14.50 
CB-220 40.00 40.00 20.00 18.10 
 
 The CB was pre-mixed into the EAA polymer phase at 9.3 vol% forming a CB 
masterbatch to be used in preparation of the final composites.  The compositions of the 
ternary PP/PMMA/(EAA-CB) composites are shown in Table 4.1.  The CB 
masterbatch and ternary conductive composites were melt-mixed using an internal 
Brabender mixer.  For the CB masterbatch, the CB and EAA polymer were mixed for 
10 minutes at 130 °C and 60 rpm.  For the multiphase composites, the EAA-CB were 
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blended with the PP and PMMA polymers and mixed at 190 °C and 60 rpm for 5 
minutes.   
 The polymer composites were compression molded at 190 °C and 3.45 MPa 
for 3 minutes prior to testing.  After 3 minutes, the pressure was increased to 17 MPa 
followed by thermal annealing at 190 °C for 30 minutes.    
4.2.2 Electrical Conductivity 
 The electrical conductivity of the final ternary composites was obtained from 
the compression molded samples.  Low resistance measurements (<108 Ω) were 
conducted using a Keithley 2700 Integra Series digital multimeter with 2-point probe.  
At least two samples (101.6 mm long by 50.8 mm wide by 1.9 mm thick) were tested 
for each formulation.    Conductive silver paint #4817N was applied to minimize 
contact resistance between the samples and electrodes.  High resistance measurements 
(>108 Ω) were conducted using a Keithley Model 6517B electrometer high resistance 
meter coupled with a Model 8009 resistivity test chamber.  Circular disk samples with 
76.2 mm diameter and 1.9 mm thick were tested.  The electrical conductivity is the 
reciprocal value of the electrical resistivity expressed in Siemens per centimeter 
(S/cm). 
4.2.3 Morphology 
 Samples were excised from plaques in 1 cm x 1 cm squares and trimmed down 
with a razor blade to have a block face roughly < 0.5 mm x 0.5 mm.  These rough 
block faces were then polished with a Diatome Cryo 45 Trim knife, stained in a 0.5% 
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RuO4 solution for 16 hours and then rinsed with DI water.  Scanning electron 
microscopy (SEM) images were obtained with a Hitachi 3400 in variable pressure 
mode (25 Pa) using a backscatter detector. 
4.3 Generation of Statistically Similar Microstructures 
The current work uses the Cahn-Hilliard equation to model the phase separation 
of the ternary system under investigation. The Cahn-Hilliard equation [172] was 
originally proposed in 1958 to model phase separation phenomena in binary alloys. 
Since then, it has been applied to a wide number of other diverse uses including 
modeling the evolution of arbitrary microstructures [173, 174] as well as image 
inpainting [175] and the growth of tumours [176].  The finite volume implementation 
as described by Carolan et al. [177] is used and briefly recounted here for 
completeness. The Cahn-Hilliard equation for binary system can be written as: 
 


MM
t
c
).(          (4.1) 
where c is the concentration of one phase in the mixture, t is time, M is the tensor of 
mobilities and μ is the local chemical potential, defined as: 
ccF   )('         (4.2) 
F(c) represents the free energy density of a homogeneous material of concentration c, 
and γ is a constant that controls the thickness of the diffuse interfacial region between 
the phases. The free energy is based on a Ginzburg-Landau functional of the form: 
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It can be seen that the first term on the right hand side of Equation 3 represents the 
homogeneous free energy, while the second term penalizes the existence of 
concentration gradients in the system. 
 In the current work we model the phase separation of a ternary system, where 
the two majority phases (PMMA and PP) are separated by the minor phase (EAA-
CB). The mobilities and phase separation kinetics of each phase are unknown. The 
problem can therefore be simplified and treated as the phase separation of a binary 
system, with the third phase (EAA-CB) modelled as the diffuse region between the 
majority phases. The parameter γ can be used to vary the thickness of this phase.  
 Modeling of the phase separation phenomena in two dimensions cannot 
accurately capture the evolving morphology of a co-continuous system. However, 
experimental imaging of these complex microstructures is typically restricted to 
microscopic investigation of two-dimensional images. Therefore, in order to 
accurately capture the structures observed experimentally, it is necessary to model the 
phase evolution of a fully three-dimensional structure and, subsequently, to extract 
two dimensional slices from this structure in a numerical procedure analogous to the 
experimental preparation of a sample for microscopic investigation.  Figure 4.1 
provides a schematic of the numerical procedures used to prepare the numerical 
micrographs.   
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Figure 4.1 Schematic of procedure used to prepare numerical micrographs for 
morphological comparison with experimental micrographs. 
Due to the fractal nature of the phase evolution of the ternary composite 
structure, it is sufficient to model the phase evolution in a unit cube, i.e. study a 
normalized system. To initialize the phase separation process, the concentration of 
each of the majority phases is randomly perturbed with Gaussian noise. These random 
perturbations provide numerical seed points for the phase separation process to begin. 
The thickness parameter, γ, is chosen such that the interfacial region between the 
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majority phases yields the required volume fraction of the conductive phase. As there 
is a complex relationship between the value of γ and the relative thickness of the 
interfacial region, selection of this parameter was often a matter of trial and error. As 
such, it is used as a fitting parameter to achieve the desired microstructure. Periodic 
boundary conditions were applied to opposing faces. 
4.4 Characterization of Microstructures 
A closer inspection of the example microstructure presented in Figure 4.1 
reveals that the microstructure is very complex and cannot be accurately characterized 
by a single length scale parameter, e.g. an average grain size. Rather, each phase is 
described by its own characteristic length and there is a spatial variation in that 
characteristic length throughout the microstructure. In order to relate the bulk 
electrical conductivity behavior of the ternary composite to the microstructure, a 
reliable method of quantifying the microstructure is required. Two-point correlation 
functions [178-180] provide a means to directly compare the characteristic lengths of 
the numerically generated microstructures with the experimental observations. 
Moreover, the length dependency of the two-point correlation means that the 
techniques contains enough information to provide a complete description of the 
microstructure across the length scales and provide both microstructural information, 
such as characteristic lengths and distribution of phases, as well as macroscopic 
information, such as phase volume fraction and existence of long range structure. 
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Figure 4.2. Typical two-dimensional morphologies taken from a 3-D unit cell 
simulation with phase concentrations of 40:40:20 (Black:Grey:White). The side 
length is 500 μm. 
 In order to construct the two-point correlation information, a set of functions, 
Pij(r), is defined. These functions define the probability that a randomly placed vector 
of length r placed on the image begins in phase i and terminates in phase j (i, j = 1, 2 
or 3 for a ternary system). Figure 4.2 presents example two-dimensional images 
extracted from a three-dimensional simulation where the concentration ratio of each 
phase was set to 40/40/20. The black phase in Figure 4.2 is defined as phase 1, the 
grey phase is defined as phase 2, while the interfacial white phase is defined as phase 
3. The macroscopic information of the microstructure can be found by considering the 
limits as r -> 0 and r -> ∞: 
iii
r
vP 
0
lim             (4.4) 
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where vi and vj represent the volume fraction of phase i and phase j respectively.  
 
Figure 4.3. Two point correlation functions for the numerical microstructures 
presented in Figure 4.2 (a) solid line and (b) dashed lines. 
 It is noteworthy, that while in three dimensions, each phase in Figure 4.2 was co-
continuous, the black phase is not observed to be co-continuous in either of the two 
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dimensional images extracted. The two point correlation functions for the images 
shown in Figure 4.2 are given in Figure 4.3. For each value of r, 10,000 random 
vectors were sampled. There is remarkable repeatability between the two simulations. 
A number of interesting features can be observed in Figure 4.3.  Firstly, it can be seen 
that the areal fractions, i.e. the values of Pii at r = 0 are close although, not exactly 
equal to the volume fraction of the three-dimensional simulation from which these 
images were extracted. Secondly, the sinusoidal response of p12 implies that there is 
some evidence of a periodic nature to the microstructure. This response is not very 
strong and decay quite quickly indicating that the periodicity is only evident over a 
relatively short length scale. Finally, the width of the first trough of Pij gives an 
indication of the approximate spread of characteristic lengths. 
 Figure 4.4 (a) presents an experimentally observed microstructure of 
PMMA/PP/(EAA-CB) ternary polymer with volume fractions of 44.5/44.5/11.0 from 
SEM. The image was first thresholded using Matlab to produce a ternary image with 
only three distinct colors representing the phases as shown in Figure 4.4 (b). Finally, 
the two-point correlation characterization was applied and the resultant function 
responses are given in Figure 4.4 (c). It can be seen that the key microstructural 
parameters can be readily identified, i.e. phase volume fraction, and characteristic 
phase width. Moreover, there is also some evidence of periodicity in the structure at 
high values of r, although this is much less distinct than in the numerical cases.  
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Figure 4.4. (a) Experimentally obtained image of PP/PMMA/(EAA-CB) with 
44.5/44.5/11.0, (b) thresholded image before processing and (c) two-point 
correlation function of (b). 
4.5 Numerical Modeling 
The electrical conductivity, σc, of the composite materials is modelled in foam-
extend 3.2 [181, 182] by assigning the appropriate conductivities to each of the 
phases. A unit voltage, Φ, is then applied across two opposing faces of the unit cell. 
The two remaining sets of opposing faces are set as periodic. The electrical 
conductivity of the composite is obtained by solving: 
0)
~~.(              (4.8) 
where  is the local phase conductivity in the unit cell. The local electric field, , 
and the local electric flux vector, , are then calculated via: 

~~
E             (4.9) 
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Finally, the electrical conductivity of the composite along the direction i is calculated 
by computing the volume average of Equation 10: 
 dVE
J
V i
i
c ~
~
1
           (4.11) 
Figure 4.5 presents the contour plot of the local potential, , for two example 
numerical systems: (a) PMMA/PP/(EAA-CB) = 40/40/20 and (d) 48.75/48.75/2.50. 
The spatial distribution of the conductive material (EAA-CB) within the unit cell is 
given in Figure 4.5 (b) and (e) respectively. A two-dimensional line plot of the 
variation of local potential through the center of the unit cell for each example system 
in the direction of the applied potential is given in Figure 5 (c) and (f).  A number of 
interesting observations may be made from this figure. Firstly, due to the 
microstructural inhomogeneities in the system, the local potential does not drop 
uniformly with distance as would be assumed in the continuum case. Rather, the 
gradient of the local potential is dependent on the presence of electrically conductive 
or insulating material. Typically, higher gradients of local potential are associated with 
regions containing large amounts of electrically insulating material.  Secondly, it can 
be clearly observed that the average width of the conductive phase is much greater in 
the 40/40/20 system than the 48.75/48.75/2.50 system.  The thinner conductive phase 
has the effect reducing the variation in local potential throughout the unit cell, 
although the maximum effective conductivity achievable of the composite is also 
reduced by the reduction in the volume fraction of the conductive phase. 
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Figure 4.5. Fringe plot of local potential, Φ, for PMMA/PP/(EAA-CB) ratios of 
(a) 40/40/20 and (c) 48.75/48.75/2.50. The spatial distribution of (EAA-CB) in the 
unit cell for each ternary polymer system is shown in (b) and (d) respectively. 
Two-dimensional line plot of the variation of local potential through the center of 
the unit cell are shown in (c) and (f), respectively. 
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4.5.1 Effect of Conductivity Ratio 
 In order to understand the contribution of the non-conductive phase, i.e. PMMA 
and PP, to the overall electrical behavior of the polymer composite it is necessary to 
investigate the effect of conductivity ratio. The conductive phase (EAA-CB) typically 
has an electrical conductivity many orders of magnitude greater than the non-
conductive insulating PP and PMMA phases.   
 
Figure 4.6. Effect of phase conductivity ratios on the numerically calculated 
relative conductivity of the ternary polymer. 
 Figure 4.6 presents the results of a parametric study investigating the effect of 
conductivity ratio on the calculated composite conductivity in the numerical 
simulations. A striking fact that emerge from this investigation is that once the 
conductivity ratio of the conductive phase to the non-conductive phases is greater than 
approximately three orders of magnitude then the conductivity of the ternary 
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composite is dependent solely on the conductivity of the conductive (EAA-CB) phase. 
This discovery greatly simplifies the numerical simulation. It is only necessary to 
calculate the relative conductivity, σc/σ(EAA-CB), of the unit cell. The actual conductivity 
can be recovered by multiplying the relative conductivity of the composite by the 
measured conductivity of (EAA-CB) phase.  
4.5.2 Isotropy of Numerical Microstructures   
The isotropic properties of the microstructures were investigated. In addition to 
the analysis performed each sample was subjected to an applied unit voltage across the 
X, Y, and Z directions and the relative conductivity was calculated using the 
homogenization approach outlined earlier. Figure 4.7 plots the relative electrical 
conductivities as a function of direction of the macroscopic potential difference. It is 
readily observed that that the relative electrical conductivity of the numerically 
generated microstructures are indeed isotropic. 
 Figure 4.8 presents the numerically calculated relative conductivities for a 
number of ternary systems with the conductive interphase. Each data point represents 
the results average of 5 random microstructural instances generated by the Cahn-
Hilliard equation. There is remarkable repeatability, as in most cases, the error bars are 
obscured by the data points. Furthermore, although the linear regression plotted does 
not fit the data well, there is a systematic relationship between the volume fraction of 
conductive phase and the relative conductivity of the polymer. This is discussed in 
greater detail in the following section. 
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Figure 4.7. Isotropy of composite electrical conductivity behavior for varying 
volume fractions of conductive phase. 
 
Figure 4.8. Numerically predicted relative conductivity with increase in 
conductive phase. 
0.00
0.05
0.10
0.15
0.20
0.25
0.00 0.05 0.10 0.15 0.20 0.25
R
e
la
ti
v
e
 C
o
n
d
u
c
ti
v
it
y
 i
n
 Y
-
a
n
d
 Z
-
d
ir
e
c
ti
o
n
, 
σ
c
,[
Y
.Z
]/
σ
E
A
A
-C
B
 
Relative Conductivity in X-direction, σc,X/σEAA-CB 
σx/σy
σx/σz
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0 0.1 0.2 0.3 0.4 0.5 0.6
R
e
la
ti
v
e
 C
o
n
d
u
c
ti
v
it
y
, 
σ
/σ
E
A
A
-C
B
 
Volume Fraction (EAA-CB)
Numerical Result
Linear (Numerical Result)
 128 
4.6 Analytical Modeling 
 As demonstrated in the previous section, the numerically predicted conductivity 
of the ternary phase separated structure is independent of the conductivity of the non-
conductive phases if (1) there exists a continuous path throughout the material of the 
conductive phase and (2) if the conductivity of the conductive phase is at least three 
orders of magnitude greater than either of the two non-conductive phases. Ashby et al. 
[183] provide a simple analytical model for estimating the conductivity of an open cell 
metal foam. It is briefly explained here. A unit of an idealized open cell foam is shown 
in Figure 4.9 (a). The cell edges have a length, l, and a cross sectional area of t2. The 
relative density of the foam is given by:  
2
23
l
t
s



            (4.12) 
where ρ/ρs is the relative density of the foam. Note that at low concentration the 
volume of the nodes connecting the edges, t3, contributes very little to the density as l 
>> t. Now, consider a potential difference applied across the idealized foam. Only the 
edges lying across the potential difference gradient are conductive. Therefore, only 1/3 
of the edges are conductive. For a low-density foam, with relative density, ρ/ρs, the 
relative conductivity is simply: 
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
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3
1
          (4.13) 
As the nodes get larger as shown in Figure 4.9 (b) the contribution of the nodes to the 
conductivity can no longer be ignored. The relative conductivity can then be written 
as: 
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 Finally, we consider the idealized binary phase separation presented in Figure 
4.9 (c). It is clear that it is geometrically similar to the idealized foam model presented 
in Figure 4.9 (b). To account for the distribution of material, e.g. thinning edges, 
Ashby et al. have generalized Equation 14 to: 
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where α can take any value between 0 and 1. Note that α = 1 recovers the low-density 
foam relationship given in Equation 13, while α = 1/3 recovers the idealized thick 
walled structure of Equation 14. 
 
 
Figure 4.9. Idealized model of (a) low density foam, (b) high density foam and (c) 
phase separated binary polymer mixture. 
 In the case of foams, the relative density is equivalent to the volume fraction, vf, 
of material in the foam. For the ternary polymer systems under investigation in the 
 130 
current work, the density of each polymer is similar. Thus, it also possible to reframe 
Equation 15 as: 
   2/31 ff
s
vv 


          (4.16) 
Figure 4.10 re-plots the numerically obtained results together with the predictions 
from Equation 16. Once again, very good agreement is observed between the 
numerical predictions and the analytical results. The numerical results fall between the 
analytical predictions for a value of α between 0 and 1/3. Following on from the 
analysis and description by Ashby et al [183] in Figure 4.9, a value of α = 0 can be 
analyzed as a foam where cell edges have no appreciable length, l, and the nodes of 
volume, t3, provide contribute wholly to the resultant properties of the foam. 
 
Figure 4.10. Numerically predicted relative conductivities and comparison with 
Ashby et al. conductivity model for foams. 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0 0.1 0.2 0.3 0.4 0.5 0.6
R
e
la
ti
v
e
 C
o
n
d
u
c
ti
v
it
y
, 
σ
/σ
E
A
A
-C
B
 
Volume Fraction (EAA-CB)
α = 0
α = 0.33
α = 1
Numerical Result
 131 
4.7 Comparison with Experimental Results 
 The percolation behavior for the experimental single and ternary composites 
along with the analytical prediction of the ternary composite with α = 0 are presented 
in Figure 4.11.  As described above, for the experiments the CB was pre-mixed in the 
EAA polymer phase at 9.3 vol% to form a masterbatch prior to compounding the 
composites so the CB was preferentially distributed in the minor EAA phase.  
Therefore, it should be noted that for the ternary composite in this study, both the 
minor phase (EAA) and conductive filler concentrations varied to establish the 
percolation behavior.  It is generally accepted that the critical conductive filler loading 
is referred to as the critical percolation concentration, φc, for each system where the 
first continuous conductive filler network is formed throughout the matrix and the 
resistivity of the material drops sharply.  The best fitting value for the power-law 
equation [19] σ = σo(φ − φc)
t  of the ternary composite system was φc = 0.20 vol%, 
which was found to be more than 10 times lower than φc = 2.0 vol% for the single 
polymer system where σ is the electrical conductivity of the composites, σo is a 
constant related to the intrinsic conductivity of the conductive filler, φ is the volume 
fraction of the conductive filler, φc is the volume fraction at the critical percolation 
threshold, and t is the power law exponent related to the mechanism of conductive 
network formation in the system.   
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Figure 4.11. Percolation behavior of the experimental single and ternary 
composites along with the analytical prediction (α=0) at 23 °C.  
 The analytical model was applied to numerically predict the electrical behavior 
of the ternary polymer composite compared to the experimental results.  The 
agreement between the numerically calculated and experimentally measured results 
were observed to be quite good.  The conductivity of the EAA-CB phase used in the 
analytical prediction was from the masterbatch, which is the 9.3% CB point in Figure 
4.11.  The experimental results lie slightly below the analytical solution at α = 0 
(Figure 4.11).  It is believed that the reason the experimental results lie slightly below 
the analytical solution is due to the fact that the EAA-CB has not completely phase 
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separated to the interface after 30 minute annealing as evident in Figure 4.4 where 
there is still a portion of EAA-CB (white phase) dispersed within the PP phase (grey 
phase).  The analytical solution also assumes that a connective network of EAA-CB 
forms at all EAA-CB concentrations. This is clearly in contrast to the experimental 
results, where a critical volume of materials is required before an interfacial network is 
completely formed.   
 The overall increase in conductivity of the PP/PMMA/(EAA-CB) system 
compared to the single phase system in Figure 4.11 is not due to the percolation of the 
CB, but is believed to be due to changes in the phase morphology and the formation of 
a completely connective EAA-CB network.  Previous experimental work showed that 
the morphology and resultant conductivity was found to be kinetically driven during 
the intensive compounding process and transitioned from kinetic to thermodynamic 
control after long annealing times [163].  However in addition, we have found in 
Chapter 3 that beyond a critical loading of conductive filler particles in the minor 
EAA phase, especially for fillers with effective aspect ratios that are high such as the 
type of CB used in this work, phase separation is slowed significantly due to the 
aggregation of particles into a network formation within the EAA phase causing a 
significant increase in phase viscosity which can impact the overall morphology 
development.  Chen et al. [184] reported similar behavior in a PP/PMMA binary 
system where the coarsening process of the composites was significantly suppressed 
with the incorporation of CNT.  The combination of experimental and numerical 
results provide a means to optimize the conductive minor phase such that it has a 
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conductivity beyond the critical percolation threshold, is at least three orders of 
magnitude greater than either of the two non-conductive phases, and has a lower 
viscosity than the other two major phases in order to maximize the phase separation 
kinetics and coarsening over time to yield the tri-continuous morphology more similar 
to that predicted in Figure 4.2.   
4.8 Conclusions 
 A method for generating statistically representative microstructures of a co-
continuous ternary polymer system in which the minority phase located interfacially 
between the two majority phases is presented. Moreover, a numerical method for 
calculating the resultant electrical conductivity of these ternary polymer systems is 
presented. It is found that the electrical conductivity of the composite depends only on 
the electrical properties and volume fraction of the conductive polymer phase if there 
is a sufficient difference in electrical conductivities between the phases.   
 A simple analytical model originally developed to model the electrical properties 
for foams has been adapted and applied to explain the electrical behavior of the 
ternary polymer composite. Excellent agreement between numerically calculated and 
experimentally measured results was observed. The developed analytical and 
numerical model were able to successfully predict the electrical percolation threshold 
with of ternary polymer composites containing CB as a conductive medium with 
minimal experimental input.  The combination of the experimental and numerical 
results suggest a means to optimize the design of these conductive composites such 
that the minor phase has a conductivity beyond the critical percolation threshold, is at 
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least three orders of magnitude greater than either of the two non-conductive phases, 
and has a lower viscosity than the other two major phases in order to maximize the 
phase separation kinetics.   
 The numerical model developed in this work can be further used to study the 
change in electrical behavior under mechanical loading via suitable coupling with a 
mechanical constitutive law, allowing for the design of stress-sensing type materials. 
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 CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 
The main research objective of this dissertation was to combine experimental 
results and develop a theoretical model to understand the kinetic and thermodynamic 
factors affecting the phase morphology, filler distribution, and resulting electrical 
conductivity in multiphase polymer blend composites.  The improved understanding 
of the PP/PMMA/EAA ternary conductive composite system studied will be useful 
and provide generalized learnings essential toward development of new composites 
materials and an efficient process for making them.  
In chapter 2, the effects of compounding sequence and thermal annealing time 
on conductivity in CB-filled PP/PMMA/EAA conductive ternary polymer blend 
composites were explored.  It was demonstrated that kinetic and thermodynamic 
parameters influenced polymer blend phase morphology and localization of filler to 
increase electrical conductivity as a function of annealing time.  The conductivity was 
found to be kinetically driven during the intensive compounding process, and was 
dependent on the mode of addition of CB. Upon annealing, the morphology and 
conductivity underwent rapid transitions.  The overall increase in conductivity upon 
annealing was determined to be the result of changes in the phase morphology.  In 
particular, the EAA phase goes from being mostly dispersed in the PP matrix as 
discrete, non-contiguous spheres to being almost entirely at the PP-PMMA interface, 
forming a tri-continuous morphology.   
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Chapter 3 expanded on the work in chapter 2 by investigating the effect of different 
CB and multiwall CNT conductive fillers with a range of effective aspect ratios on the 
phase morphology, electrical properties, and rheological behavior in a 
PP/PMMA/EAA ternary polymer blend.  The critical electrical percolation threshold 
for the ternary conductive polymer composites was found to be around 0.5% vol% for 
the PP/PMMA/(EAA-CB1) and 0.2 vol% for the PP/PMMA/(EAA-CB2) and 
PP/PMMA/(EAA-CNT), which are more than 8 times lower than for the single-phase 
systems.  The rheological threshold coincided with the electrical resistivity percolation 
threshold inversion point, which was found to be around 1.0 vol% for the CB1 system 
and 0.5 vol% for the CB2 and CNT systems.  This suggests that the rheological 
response is sensitive to the interconnected network formation of the conductive filler, 
which is also directly related to electrical conductivity.   
In chapter 4, theoretical modeling of the ternary polymer blend and 
numerically calculated conductivity of the system was compared to the experimental 
results in chapters 2 and 3.  A method for generating statistically representative 
microstructures of a co-continuous ternary polymer system in which the minority 
phase located interfacially between the two majority phases was presented. Moreover, 
a numerical method for calculating the resultant electrical conductivity of these ternary 
polymer systems was presented. It was found that the electrical conductivity of the 
composite depends only on the electrical properties and volume fraction of the 
conductive polymer phase if there is a sufficient difference in electrical conductivities 
between the phases.  Excellent agreement between numerically calculated and 
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experimentally measured results was observed. The developed analytical and 
numerical model were able to successfully predict the electrical percolation threshold 
with of ternary polymer composites containing CB as a conductive medium with 
minimal experimental input.    
5.2 Future Work 
The following are extensions and recommendations for future work based on 
the findings of the current research. Specifically, the focus of the research is to further 
the understanding of how multiphase polymer blends can be utilized to control phase 
morphology and resulting electrical conductivity for the design of new composite 
materials for different applications. 
5.2.1 Optimized Compounding Conditions 
In chapter 2, kinetic and thermodynamic parameters were found to influence the 
morphology development and final composite properties.  The conductivity was found 
to be kinetically driven during the intensive compounding process, and was dependent 
on the mode of addition of CB. Upon annealing, the morphology and conductivity 
underwent rapid transitions. Though statistically significant differences remained after 
30 minutes of annealing, by 150 minutes the conductivities were the same, within 
experimental error, for all modes of CB addition, suggesting a transition from kinetic 
control to thermodynamic control after long annealing times, consistent with gradual 
phase coalescence to a common tri-continuous morphology and CB migration.  The 
resistivity after annealing for 150 minutes was found to be lower by a statistically 
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significant amount compared to the samples annealed for 30 minutes.  The addition of 
CB via masterbatch resulted in significantly lower resistivity compared to when added 
direct to the system during compounding after 30 minutes annealing by a statistically 
significant amount.  However, it would be desirable to identify optimum compounding 
conditions to achieve low resistivity without extended post-compounding annealing 
times.   
5.2.2 Alternative Polymer Systems 
The current research utilized a set of three polymers (PP/PMMA/EAA) that 
formed a unique morphology to achieve percolation at a CB loading less than 1 vol%.  
Future work would include exploring alternative polymer systems to achieve the same 
desirable increase in conductivity at reduced CB loadings that can be extended to 
applications requiring conductivity and balance of properties by combining the 
theoretical and experimental work of this research.  For example in the cable industry, 
the semiconducting shields typically consist of flexible, low melting ethylene 
copolymers and are peroxide crosslinked for high temperature performance such that it 
can be extruded at temperatures below the decomposition temperature of the peroxide.  
It would be desirable to replace the PP phase because the melt temperature is above 
the typical peroxide decomposition temperature of ~140 oC.  PMMA has a glass 
transition temperature of 96.7 oC and thus is brittle at room temperature.  Therefore, it 
would be beneficial to replace the PMMA phase with a polymer having a similar 
viscosity and surface tension of PMMA but lower glass transition temperature.    
Therefore, it could be considered to replace the  PP with a PE phase given that the 
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surface tension of PE and PP are very similar in the solid state and both are non-polar, 
the main difference in chemical structure being that the PP has a methyl group on one 
carbon of the repeat unit instead of a hydrogen for PE [185].   
5.2.3 Optimized Filler Loading and Alternative Filler Technologies 
As discussed in chapter 1, graphene has a unique combination of mechanical, 
electrical, and thermal properties that make it an excellent candidate to substitute or 
complement the conventional fillers in the fabrication of multifunctional polymer 
composites [52-57].  Graphene, as with the CNTs, has a higher effective aspect ratio 
and has been found to achieve percolation at significantly lower filler loadings than 
traditional CB. Utilizing the findings of the theoretical modeling, the proposal would 
be to continue work with CNT as well as evaluate graphene as an alternate filler 
technology to optimize the masterbatch filler loading to achieve improved 
conductivity with lower loading than the extra-conductive CB and CNT.   
5.2.4 Effects of Crosslinking  
The effects of crosslinking on the morphology and electrical conductivity for 
the multiphase polymer composite system could be assessed on any interesting 
candidates for applications requiring high temperature properties such as in the cable 
industry.  Chemical crosslinks can be formed by reactions that are initiated by, but not 
limited to, heat, radiation, and moisture.  Some of the most common methods for 
crosslinking include the use of e-beam or UV radiation, organic peroxides, and 
moisture curing of silane-functionalized polymers with a catalyst. The crosslinking 
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process would impact the morphology that is formed and overall conductivity.  There 
are generally two types of crosslinking practiced in the cable industry including 
peroxide crosslinking as well as moisture cure crosslinking using a functionalized PE 
(i.e. silane-functionalized LDPE) and catalyst.   
Peroxide crosslinking can be controlled to occur very rapidly; the morphology 
established during the crosslinking reaction may not have a chance to undergo phase 
coalescence to achieve percolation.  Peroxide crosslinking is a first order reaction 
initiated by thermally driven cleavage of the peroxide bond, and formation of 
crosslinks within the matrix occurs almost immediately upon peroxide cleavage.  The 
immediate formation of crosslinks between the polymer components may limit 
mobility and impact the morphology of the system that could impact the conductivity 
that may be achieved. Also, it is known that PP will undergo chain scission in the 
presence of free radicals, which is another reason why alternative polymers may be 
necessary to achieve a desired balance of properties [186, 187].  Conversely, moisture 
cure would be a two-step process that may allow for the morphology to be established 
under similar conditions to those used in the previous work that resulted in favorable 
conductivity followed by crosslinking of the PE phase when exposed to moisture; the 
crosslinking may lock in the desired morphology and provide the necessary thermo-
mechanical performance for use in applications such as wire and cable.    
5.2.5 Numerical Modeling 
A simple analytical model originally developed to model the electrical 
properties for foams was adapted and applied to explain the electrical behavior of the 
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ternary polymer composite. As discussed in chapter 4, excellent agreement was found 
between numerically calculated and experimentally measured results. The developed 
analytical and numerical model were able to successfully predict the electrical 
percolation threshold with of ternary polymer composites containing CB as a 
conductive medium with minimal experimental input.  In chapter 4, a modified Cahn-
Hilliard equation and two-point correlation functions were used to model the polymer 
systems independent of material properties such as surface energy and melt viscosity.  
It is proposed to continue the collaboration with Declan Carolan et al. at the University 
College Dublin to extend the model such that it accounts for different polymer 
properties including surface tension and melt viscosity to be able to predict the phase 
behavior of alternate polymer systems and experimentally achieve increased 
conductivity.    
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